Influence of material, surface reconstruction and strain on submonolayer growth at Si(111) and Ge(111) surfaces by Cherepanov, Vasilij
  
 
 
 
 
 
 
"Influence of material, surface reconstruction and strain on submonolayer 
growth at Si(111) and Ge(111) surfaces" 
 
 
Von der Fakultät für Mathematik, Informatik und Naturwissenschaften der Rheinisch-
Westfälischen Technischen Hochschule Aachen zur Erlangung des akademischen 
Grades eines Doktors der Naturwissenschaften genehmigte Dissertation 
 
vorgelegt von 
 
 
M.Sc. (Rus) Vasily Cherepanov 
aus Omsk, Russische Föderation 
 
 
Berichter: Priv. Doz. Dr. B. Voigtländer 
 Universitätsprofessor Dr. H. Ibach 
 
 
Tag der mündlichen Prüfung: 23. Juli 2004 
 
 
 
Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek online verfügbar 
 
 ABSTRACT 
The present work is dedicated to the experimental investigation of the factors that 
may influence the initial stage of the epitaxial growth on the Ge(111) and Si(111) 
surfaces. In particular the influence of strain, surface reconstruction, and material on the 
surface diffusion, nucleation, and growth of two-dimensional islands was explored. A 
set of the template surfaces, which are different only in one particular feature 
(reconstruction, strain, material) was prepared to study the dependence of the growth on 
these properties. The scanning tunnelling microscopy measurements of the density of 
2D islands and the density of small clusters after submonolayer deposition as the 
functions of temperature were used to study the nucleation and growth on Ge(111) and 
Si(111) template surfaces. It is found that the densities of 2D islands and small clusters 
on the template surfaces change drastically with the deposition temperature and strongly 
depend on the choice of material, applied strain, particular reconstruction of the surface. 
In order to analyze the experimental data on the template surfaces a theoretical model 
with a unified treatment of the coupled system of small clusters and 2D islands was 
developed. It follows from the model that the densities of 2D islands and small clusters 
are determined by competition for the free adatoms between 2D islands and clusters. A 
comparison of predictions of the proposed model with the experimental data for the 
growth of Si on the Si(111)-(7x7) reveals that the critical size of the stable small cluster 
is equal to one and the effective barrier for adatom incorporation into the islands is 
small. Using the effective energies extracted from the temperature dependence of the 
density of 2D islands and small clusters it is possible to determine the value of the 
diffusion barrier on the template surface. The energy barrier to remove the stacking fault 
and the binding energy of adatoms to the small clusters, which are different for different 
materials, reconstruction, and applied strain, are the important parameters controlling 
the density of 2D islands and small clusters during epitaxial growth. 
The barrier for a diffusion jump from one HUC to another is found to be smaller on 
the (5x5) reconstructed surface than on the (7x7) reconstructed surface, while the 
 effective diffusion length is the same on both surfaces (the same 2D island density). The 
difference in the energy barriers for conversion of the faulted HUC to the normal 
stacking on the (5x5) and (7x7) reconstructed surfaces results in the large difference of 
the density of the small clusters on these surfaces. 
The diffusion barrier is found to be the same (within the measurement accuracy) on 
the compressively strained and relaxed Ge(111)-(7x7) surface both for the Si and Ge. 
The main effect of the strain is a change of the binding energy of adatoms with the 
small clusters. The change of the binding energy with strain has opposite sign for Si and 
Ge cases. 
The major contribution to the effect of the material on the nucleation and growth 
comes from the bond strength of Si and Ge. The different bond strength changes the 
bonding of adatoms to the small clusters when the deposited material changes from Si to 
Ge and when the substrate changes from Si to Ge as well. 
In order to study the effect of strain on the attachment of adatoms to the edges of the 
growing 2D islands a series of measurements of the island size distribution for 
deposition of Si and Ge on the Si(111)-(7x7) surface was performed. The scaling 
function for island size distribution was found to be the same for Si and Ge 2D islands 
on the Si(111)-(7x7) surface which shows that the 4.2% compressive strain does not 
make a considerable influence on the process of attachment of adatoms to 2D islands in 
the regime of submonolayer growth of Ge on Si(111) substrate. 
The measurements of the island size distributions for Si and Ge in surfactant 
mediated growth reveal different scaling functions for Si and Ge deposition on Bi-
terminated Si(111) surface. Moreover, it is found that the scaling function changes with 
temperature. The main mechanism, which results in the difference of the scaling 
functions was revealed with the help of Kinetic Monte-Carlo simulations. The edges of 
the Ge islands are passivated by the surfactant much stronger than the edges of the Si 
islands. The consequence of the strong step edge passivation is the transition from the 
growth limited by the surface diffusion to the growth limited by the attachment kinetics. 
 As the deposition temperature increases the role of the passivation vanishes and the 
kinetic regime of the island growth changes to the diffusion limited one. 
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1 Introduction 
A progress in the physics of thin films is a driving force for the further development 
of microelectronics, optics, instrument manufacturing and other branches of the modern 
technologies. The current success of the micro- and nano-electronics became possible 
due to the improvement of the controlled epitaxial growth of thin layers of 
semiconductors, metals and dielectrics. Among the methods of the epitaxial growth the 
method of Molecular Beam Epitaxy (MBE) takes a special place. This method has a 
number of inherent advantages, such as: its flexibility, high cleanliness, possibility of 
conducting entire process of production in the vacuum, applicability of masks, ability of 
the independent variation of the growth rates and crystallization temperature, and rapid 
switch from one deposited material to another. A study of the growth processes is a key 
task of MBE, because the knowledge of the mechanisms of the growth processes makes 
it possible to use them more effectively and create layers with the desirable 
characteristics. 
The particular interest to the Ge-Si system is caused by both technological and 
fundamental reasons. First, the majority of the microcircuit production is based on the 
Si technology. Incorporation of Ge into production line is relatively simple and allows 
to enhance a performance of devices [1]. Second, since the structural and chemical 
properties of Si and Ge are similar the Ge-Si system represents a model system for 
studies of the surface processes in the heteroepitaxial growth. So, the growth of Ge on a 
Si substrate occurs in the Stranski-Krastanov growth mode and realizes the simplest 
case of the transition from two-dimensional (2D) to three-dimensional (3D) growth 
mode. 
Due to stupendous achievements of the technology of the high-resolution diagnostic 
techniques, such as the Scanning Tunnelling Microscopy (STM), and due to 
development of new spectroscopic methods of the surface analysis the atomic scale 
surface processes attracted a high interest in recent years. The studies using these 
techniques provided a deeper insight into the structure and physical properties of the 
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solid layers. In spite of numerous and versatile studies, some aspects of the MBE 
growth are not yet well understood. 
The present work is dedicated to the experimental investigation of the factors that 
may affect the initial stage of the epitaxial growth on the Ge(111) and Si(111) surfaces. 
In particular the influence of strain, surface reconstruction and (substrate/deposited) 
material on the adatom diffusion, nucleation of 2D islands and their growth was 
explored. The obtained experimental data are composed to a model developed to 
describe the initial stage of the growth on the (7x7) reconstructed Si(111) surfaces. The 
proposed model corresponds well to the experimental observations and explains the 
major features of the nucleation and growth on the (5x5) and (7x7) reconstructed Si and 
Ge surfaces. Measurements of the island size distribution in submonolayer growth of Si 
and Ge on Si(111)-(7x7) surface was performed in order to study the effect of strain on 
the attachment of adatoms to the edges of the growing 2D islands. The influence of 
foreign atoms (surfactants) at the surface during growth on the shape of the island size 
distribution has been explored. The main mechanism that produces different island size 
distributions for Si and Ge in surfactant mediated growth was revealed with the help of 
Kinetic Monte-Carlo simulation. 
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2 Growth fundamentals 
2.1 Structure of Si(111) and Ge(111) surfaces 
Bulk Si and Ge crystals have a diamond structure. This structure is stable for both 
materials at room temperature. The diamond structure consists of a face centred cubic 
Bravais lattice with a two-atom basis. The conventional unit cell is shown in Figure 1 
and contains eight atoms. The coordination number for an atom in the lattice is four, i.e. 
each lattice atom is bonded with four others in a tetrahedral configuration. The 
tetrahedral bonding between atoms in the structure can be clearly seen and is 
characteristic of the directional covalent bonding found in Group IV of the periodic 
table. The lattice constant of germanium is 5.6575Å and that of silicon is 5.4309Å. 
 
Figure 1. Diamond structure. 
The arrangement of atoms on a surface differs from the bulk structure. In the bulk of 
ideal crystal all the bonds of atoms are saturated. During a process of surface creation, 
for example a cleaving, the bonds of surface atoms break off. Such a configuration of 
the surface with dangling bonds is unfavourable and surface atoms try to overlap their 
electron shells with neighbouring atoms to minimize the surface energy via 
rearrangement of surface atoms to decrease the number of dangling bonds. This leads to 
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formation of a surface atomic structure, which is called as a superstructure or a surface 
reconstruction. Nature and stability of the reconstructed surfaces is very sensitive to the 
way of the substrate preparation. Thus, the (111) cleavage plane of Si crystal is 
reconstructed into the metastable structure (2x1) [2], which with the careful annealing at 
300°C transforms to another metastable (5x5) structure [3]. The most stable 
reconstruction of the Si(111) surface is the (7x7) structure, which can be obtained by the 
annealing of the cleaved (111) surface or by high temperature annealing of the 
mechanically polished surface. At a temperature higher than 850°C the Si(111) surface 
has the bulk-like (1x1) surface structure (this is a “bulk termination”, note that it doesn't 
mean that the surface is similar to the bulk in all respects, but the average lateral 
periodicity is the same as the bulk) [4]. This temperature is the temperature of reversible 
phase transition for the surface reconstruction on Si(111) surface. 
In spite of the identical bulk structure of Si and Ge, the Ge(111) surface reveals a 
different surface reconstruction. The (111) cleavage plane of Ge crystal is also (2x1) 
reconstructed [5] however with the annealing at 270°C it irreversibly transforms into a 
well-ordered c(2x8) structure [6]. Authors of Ref. [7] using ab initio total-energy 
minimization calculated the surface energy of (2x1), (7x7) and c(2x8) reconstructions 
for diamond, Si and Ge surfaces. The calculations showed that the lowest-energy 
reconstructions are different for those surfaces because of the different bonding 
characteristics resulting to the relatively high energy cost for making corner hole and 
stacking faults in the case of Ge than in the case of Si. 
The (7x7) reconstruction of the Si(111) surface is perhaps the most complex but at 
the same time widely studied structure. It is generally accepted that the geometry of this 
reconstruction is described by the dimer-adatom-stacking-fault (DAS) model proposed 
by Takayanagi et al. [8]. The (7x7) structure is one of a family of DAS structures of the 
form )12()12( +×+ nn . One unit cell (UC) (dashed line) of the (7x7) reconstructed 
surface layer is shown in Figure 2 and consists of two triangular half-unit cells (HUCs). 
The silicon layers in one HUC are stacked with the normal sequence (right HUC), while 
those in the other (left HUC) are stacked with a faulted sequence. Because of the 
stacking fault in the unit cell, the two triangular halves are not equivalent and are 
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referred to as faulted and unfaulted halves. The unit cell contains 12 adatoms arranged 
locally in a (2x2) structure, dimers on the sides of each HUC and one vacancy (corner 
hole). There are a total of 102 Si atoms in the top three layers of the (7x7) unit cell. 
These are: 12 atoms in the adatom layer, 42 atoms in the restatom layer, and 48 atoms in 
the layer containing the stacking fault. Of all these 102 atoms only 19 (the 12 adatoms, 
six rest atoms and the atom at the bottom of the corner-hole) possess dangling bonds in 
one (7x7) unit cell; this is a significant reduction from 49 dangling bonds on the (1x1) 
reconstructed surface. This reduction in the number of dangling bonds is responsible to 
the stability of the (7x7) reconstruction. The surface energy of the (7x7) reconstructed 
surface is 0.40 eV per (1x1) cell lower than that of an ideal and unreconstructed Si(111) 
surface and 0.36 eV lower than the energy of the (2×1) reconstructed Si(111) surface 
[9]. 
 
Figure 2. Schematic illustration of the top and side views of the dimer-adatom-stacking-fault 
model of the Si(111)-(7x7) structure. 
The surface reconstruction c(2x8) of the Ge(111) surface is schematically shown in 
Figure 3. The structure consists of equal numbers of adatoms and restatoms. The 
reduction of the number of dangling bonds on the (2x1) structure by half stabilizes the 
(2x8) structure. 
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Figure 3. Schematic illustration of the top and side views of the model of the Ge(111)-c(2x8) 
structure. 
As can be easily seen the (7x7) and c(2x8) surface structures are significantly 
different, that would lead to a different steps and kink configurations, different bonding, 
diffusion pathways and barriers for atoms deposited on those surfaces. 
2.2 Atomistic processes at surfaces 
When the size of a system goes down close to the size of interatomic distances, an 
atomistic approach becomes essential to describe fundamental processes in the system. 
Moreover, it helps to imagine the evolution of the system and find out main 
mechanisms, which are responsible for certain observed phenomena. For simplicity of 
the description, let us consider a single (111) facet of a cubic crystal containing one 
step. The step is just a boundary between two adjoining atomically flat surface areas 
with a height difference of one interplanar space. The strength of the bonding of an 
atom with the surface depends on the number of nearest neighbours of that atom. The 
more neighbours the atom has the more strongly it is bonded to the surface. The number 
of nearest neighbours depends on the position of the atom on the surface. There are 
several distinct sites an atom can occupy on the surface: (a) incorporated into the 
surface layer (strongest bonding), (b) incorporated into the step, (c) in a kink site, (d) 
adsorbed at the step edge, (e) adsorbed on the surface  (weakest bonding). The 
corresponding atom positions are schematically shown on the left side of Figure 4. 
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Every transition of an atom from one site to a site with different coordination changes 
the number of unsaturated dangling bonds and therefore the system energy. Evidently, 
this process of adatom hoping is associated with an energetic barrier, which in general 
depends both on the initial and the final position of the adatom. 
The typical elementary processes that may occur during epitaxial growth are (see 
Figure 4): (1) deposition of atoms from the vapour on the surface, (2) diffusion of 
adatoms along the surface, (3) creation of a cluster when several atoms meet each other, 
(4) attachment to an existing island or step, (5) diffusion of an adatom attached to the 
step (or to the island edge) along the edge, (6) detachment of an edge adatom back to 
the terrace, (7) incorporation in to the kink site where the adatoms become s a part of 
the crystal. All the reverse processes are also possible: the atom can detach from the 
kink site either to the edge (8) or directly to the terrace (9), a dimer can dissolve back to 
adatoms (10) and an adatom can re-evaporate (11). The probability of each event is 
defined by the substrate temperature and the activation energy of the corresponding 
process. 
 
Figure 4 The atom positions on a surface and elementary processes during the epitaxial 
growth (see text). 
This simple classification represents a basis of the classical crystal growth theory and 
helps to imagine the growth process on the atomic level. However, some other 
processes can occur on the surface during growth. One should also take into account, 
that surface reconstruction especially so complicated as (7x7) may change the details of 
the atomistic picture of the growth. 
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2.3 Growth modes 
If we deposit atoms of some material on a crystalline substrate, the film starts to 
grow. The morphology of the growing surface is determined by the surface energetics 
on one hand, when the system try to minimize the its free energy, and on the other hand 
by the dynamics, when the kinetics of the atomistic processes determines the 
morphology of the growing film. Which one of those, energetic or kinetic, governs the 
growth, depends on the particular system and on the conditions of the deposition 
process. High temperatures and low deposition fluxes move the system closer to the 
equilibrium where the growth is governed by energy considerations. Low deposition 
temperatures and high deposition fluxes move the system far from the equilibrium and 
the kinetics effects play a significant role in the growth of the film. 
Usually, the growth of thin films is classified into three types: (i) Frank - van der 
Merwe (FM), (ii) Volmer - Weber (VW) and (iii) Stranski - Krastanov (SK) [10]. This 
classification is deduced from the equilibrium consideration of the substrate and film 
surface energies ( sγ , fγ ) and the interface energy ( iγ ). Those three growth modes are 
illustrated in Figure 5. Layer-by-layer growth also called two-dimensional (2D) or FM 
growth is expected if the sum of the surface free energy of the epitaxial film and the free 
energy of the film-substrate interface is smaller than the surface free energy of the 
substrate ( fγ + iγ < sγ ). Nucleation and growth of the subsequent layer starts after 
completion of the preceding layer. This kind of growth is typically realized for lattice 
mached combinations with high interfacial bond energies. It also works in slightly 
mismatched systems where the film grows in registry with the substrate until some 
critical thickness when the accumulated elastic strain energy produces the dislocations 
and partial relaxation of the film occurs. 
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Figure 5. Classification of growth: Frank – van der Merwe, Volmer – Weber, Stranski – 
Krastanov. 
The opposite case ( fγ + iγ > sγ ) results in the formation of three-dimensional islands 
also called three-dimensional (3D) or VW growth. This growth mode is typical for 
highly mismatched systems and dissimilar materials.  
The growth when one or several monolayers grow in the layer-by-layer mode before 
the formation of 3D islands starts is called SK growth mode. This growth mode is often 
observed for mismatched system. The epitaxy of Ge on Si surface is an example of the 
SK growth mode for mismatched materials. Because Ge has a lower surface free energy 
than Si, the growth of Ge on Si should proceed via a layer-by-layer growth mode. 
However, Ge grows on Si substrate in the 2D mode only below a certain critical 
thickness. Beyond this thickness a transition to the 3D island growth mode occurs. From 
thermodynamic considerations, the island formation is energetically favourable because 
the energy, which is gained from a partial strain relaxation by elastic deformation of the 
islands and the substrate, is large enough to outweigh the increase of the surface energy 
due to the increase of the surface area [11]. 
The thermodynamic considerations let to predict the general trends in the evolution 
of the growing films. However, epitaxial growth is a non-equilibrium process 
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determined by kinetic phenomena, therefore the real growth morphologies may deviate 
more or less from the thermodynamic picture. 
2.4 Rate equation theory of nucleation 
Formation of an atomic layer on a flat and perfect crystalline substrate has to proceed 
through the aggregation of diffusing atoms on the surface into stable clusters, which 
grow further by incorporation of atoms. This process is very similar to the nucleation of 
a condense phase from a supersaturated gas, which is described by the thermodynamic 
nucleation theory. However, at far from equilibrium conditions the size of the critical 
nucleus may reach the atomic scale where thermodynamic considerations are not 
applicable. Therefore, an atomistic theory of the nucleation has to be used. The widely 
used theory for the initial stage of nucleation and growth is the mean field rate equation 
theory (MFRE) proposed by J. Venables [12, 13, 14]. In the following the basic 
concepts of the theory and the derivation of a particular case are described in short. 
Some part of this derivation as well as the general concept of the approach will be used 
later for the description of the experimental results. 
Let us consider a perfect atomically flat crystalline surface. The growth of a solid on 
the surface starts due to condensation from a vapour with some constant flux F. The 
adsorbed atoms form a two-dimensional adatom gas. During their random two-
dimensional walks on the surface two adatoms can meet each other to form a dimer. The 
dimer can decay to single adatoms after some time or capture another adatom to form a 
trimer and so on. After a certain time from the beginning of deposition a distribution of 
clusters of different size is formed. 
By averaging over a large area of the surface we can define the density of clusters 
containing s  atoms as sn . So 1n  is the density of adatoms, 2n  is the density of dimers 
and so on. The change of the cluster size can happen by attachment or detachment of a 
single adatom, so for 2≥s  )()()()(
dt
(t)dn
1111
s tntntntn ssssssss
+−
+
−
+−
+
− −−+= γγγγ . Where 
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-
sγ  and +sγ are frequencies of detachment and attachment of single atoms from/to a 
cluster of size s . Defining 11 +
−
+
+ −= sssss nnU γγ  to be the net rate at which 1s + -clusters 
form from clusters of size s , the above equation can be written as: 
ss UU −= −1sdt
dn . (1) 
The frequency of adatom attachment to clusters is determined by the probability for a 
cluster of certain size to capture an atom diffusing on the surface. So the expression for 
sU  can be written as: 111 +
−
+−= sssss nnDnU γσ . Where sσ is a capture number for a 
cluster of size s  [12]. 
The density of adatoms 1n  is defined by the incoming flux, formation of dimers and 
incorporation to clusters: 
∑
≥
−−=
2
1
1 2
s
sUUFdt
dn . (2) 
Due to attachment and detachment of atoms the size of clusters fluctuates. However, 
beyond a certain size the growth becomes more probable than decay and all larger 
clusters are said to be “stable”. The size of the cluster, when attachment of one atom 
makes the cluster stable, is known as the critical nucleus size i . All clusters with size 
smaller than the critical size are unstable and detachment of atoms occurs sufficiently 
rapidly to establish thermodynamic equilibrium between the clusters of different sizes. 
The density of those unstable clusters ( is ≤ ) is described by the Walton relation [15]: 
( )kTEnCn ssss exp1= , (3) 
where sC is the statistical weighting factor, sE is the binding energy of the s -cluster. 
All stable clusters are referred as islands in the following and combined in one group 
with total density ∑∞
+=
=
1is
snN . It is assumed that no detachment of atoms from the 
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islands occurs, i.e. 0=−sγ  for is >  and the island do not decay. By summing (1) from 
1is += , we have (all sU  with s>i cancel in pairs): 
ii nDndt
dN
1σ= . (4) 
All subcritical clusters are in equilibrium, so 0=sU  for is <≤2 . Introducing the 
average capture number for stable islands as ∑∞
+=
−=
1
1
is
ssnN σσ , equation (2) takes the 
form: 
NDnnDnF
dt
dn
ii 11
1 σσ −−= . (5) 
From the closed set of equations (3), (4) and (5) the adatom and the island density 
can be calculated. At a very early stage of growth when there are not so many clusters 
on the surface, two loss terms in equation (5) are negligible and the integration of (5) 
gives: Θ== Ftn1 . The adatom density is just proportional to the coverage Θ . At this 
stage of growth the island density increase is: 2+Θ∝ iN .  
At the later stage of growth, a significant number of islands is present on the surface 
and the most part of the atoms arriving from the flux incorporate into islands. At this 
stage the loss of adatoms due to nucleation of new islands is negligible and adatom 
concentration reaches a steady state value, defined by the balance of the first and last 
terms of (5): NDnFn 11 /σ≈ . Substitution of 1n  into (4) and subsequent integration 
yields: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
+
+
⎟⎟⎠
⎞
⎜⎜⎝
⎛∝ +
kTi
iEEFN di
i
i
)2(
exp
2
0ν ; it is also often written as: 
⎟⎟⎠
⎞⎜⎜⎝
⎛
+⎟⎠
⎞⎜⎝
⎛∝ +
kTi
E
D
FN i
i
i
)2(
exp
2
. (6) 
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Here dE  is the diffusion barrier ( ( )kTED d−= exp0ν ), the coefficient 0ν  is the 
attempt frequency and has magnitude around 11310 −s . Expression (6) describes the flux 
and temperature dependence of the island density in the steady-state regime of the 
growth. It relates to the case of complete condensation (no desorption from the surface) 
and was obtained by J. A. Venables [14]. This expression is valid for the low coverage 
regime when no coalescence of the islands occurs. The coalescence leads to a decrease 
of the number of islands at the next stage of growth, therefore (6) can be used as an 
expression for maximum of the island density. 
The presence of desorption or 3D nucleation gives a similar expression for maximum 
island density: ⎟⎠
⎞⎜⎝
⎛⎟⎟⎠
⎞
⎜⎜⎝
⎛∝
kT
EFN
p
exp
0ν , the expressions for p  and E  are given in Table1: 
Regime of condensation 3D islands 2D islands 
Extreme incomplete [ ]dai EEiEE
ip
−++=
=
)1(3/2
3/2  [ ]dai EEiEE
ip
−++=
=
)1(
 
Initially incomplete ( )ai iEEE
ip
+=
=
)5/2(
5/2  ( )ai iEEE
ip
+=
= 2/  
Complete ( ) )5.2/(
)5.2/(
++=
+=
iiEEE
iip
di
 ( ) )2/(
)2/(
++=
+=
iiEEE
iip
di
 
Table 1. Parameter dependencies of the maximum cluster density in various regimes of 
condensation (from Ref. [14]) 
 
2.5 Scaling of island sizes 
Experimental investigations of densities and size distributions of submonolayer 
island populations yield qualitative and in certain cases even quantitative information 
regarding microscopic mechanisms that determine the growth of the system under 
scrutiny. In the standard growth model [13] discussed above, atoms arrive at a substrate 
with a flux F  and diffuse on the substrate with a temperature dependent diffusion rate 
D . No desorption of atoms from the surface is allowed. When two or more diffusing 
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atoms meet each other a two-dimensional, one monolayer  high island nucleates and 
grows further by the diffusion-limited capture of adatoms. In this way a population of 
2D islands covering a fraction θ  of the surface develops. In the precoalescence regime 
of the growth the island population is characterized by the island size distribution ( sN ). 
Computer simulations and experiments confirmed that the mean-field rate equation 
theory gives adequate results for the total island densities, however the predicted island 
size distribution is in discrepancy with the experimentally observed distribution. The 
reason of this inconsistency is based on the way of calculation of capture numbers for 
clusters. In the framework of the mean-field approximation the local environment of 
every cluster does not depend on size, shape and location of other clusters. In a real 
system for an adatom located between two islands it is more probable to be captured by 
the bigger one due to its lager capture zone. Therefore, to calculate capture numbers it is 
necessarily to take into account the spatial distribution and the island size [16, 17]. 
Bartelt and Evans [18,19,20] developed a scaling theory for the complete distribution of 
island sizes and separations between islands and proposed scaling relation for the case 
of 2D submonolayer growth with the irreversible nucleation and in the limit of the large 
(D/F). According to [18] the densities of the islands of different size scales as: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛∝
s
sf
s
Ns 2
θ . (7) 
Here ∑=
s
ssnθ is a fractional surface coverage, ∑∑=
s
s
s
s nsns  is an average island 
size. ( )xf  is the scaling function which does not depend on coverage, growth rate, and 
temperature. However, the exact shape of the function ( )xf  can be dependent on details 
of atomistic processes on the surface, like attachment and detachment [21], mobility of 
small clusters [22], exchange of diffusing adatoms with atoms in the surface layer [23], 
stability of clusters with certain geometry [24]. The scaling law (7) was successfully 
tested by extensive computer simulation and experimentally for homo- and 
heteroepitaxy of different systems [25,26,27]. 
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In the standard growth model )(xf  is a peak function with a peak at x =1 [18, 21, 
25, 28]. The experimentally observed deviations from the behaviour predicted by (7) 
can be used to identify important growth mechanisms beyond the standard model. 
Examples include observations of the growth in systems with post-deposition [29] or 
displacive nucleation [23, 30], occurrence of a decreasing scaling function )(xf  caused 
by these mechanisms [23, 29, 30] or by a strong anisotropy of the surface structure [31], 
growth in systems with hindered incorporation of atoms into the islands [32, 33], and 
the observation of a multi-peak island size distribution when stable islands of “magic”' 
sizes exist [34]. Additionally, a transition from a peaked scaling function to a decreasing 
one with the increasing growth temperature was predicted theoretically for systems with 
prominent desorption of deposited particles [35, 36]. 
Often in the case of heteroepitaxial growth the deposited material has a different 
lattice constant with the substrate, therefore the deposited material is subject to tensile 
or compressive strain. Strained, dislocation-free two- or three-dimensional islands can 
partly reduce the inner strain by relaxation on the free surface. Smaller islands are more 
effectively relaxed and therefore it is more favourable for an adatom to incorporate into 
a smaller island rather than into a larger one. This effect leads to a narrowing of the 
island size distribution [37] and opens the way to create self-assembled structures, like 
ensembles of quantum dots, where size uniformity is a crucial parameter. The effect of 
strain on the island size distribution and scaling was explored intensively by Monte 
Carlo computer simulations and experimenally for growth of strained two- and three-
dimensional islands [38, 39, 40, 41, 42, 43]. The results of those investigations showed 
that in homoepitaxy and in heteroepitaxy with presence of strain a scaling of the island 
size distribution preserves; the scaling law (7) works also in the case of 3D island 
growth in Stranski-Krastanov growth mode [44]. 
2.6 Epitaxy of Si and Ge on Si(111) 
The method of molecular beam epitaxy has a number of inherent advantages, such 
as: its flexibility, the guarantee of high cleanliness, possibility of conducting entire 
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process of production in the vacuum, applicability of masks, permissibility of the 
essential variation of growth rates and crystallization temperature, rapid switch from 
one deposited material to another. The epitaxial growth of Si and Ge on Si(111) has 
been investigated in a wide range of temperatures and by different techniques [34, 45, 
46, 47, 48, 49, 50, 51, 52]. The temperature of the epitaxial growth is selected 
depending on the desired film structure (for example amorphous or crystalline) and a 
required level of doping (since the factor of the embedding of the doping atoms strongly 
depends on temperature). 
At the typical temperatures of epitaxial growth (300 - 600°C) Si and first layers of 
Ge on Si(111) grow in the layer-by layer mode. There are two possible growth regimes 
in the layer-by-layer growth mode depending on the terrace size, substrate temperature 
and flux: the step flow regime and the regime of the growth by nucleation and 
coalescence of 2D islands. In the case of the step flow regime all atoms adsorbed from 
the flux incorporate into existing steps or desorb without nucleation of new islands. In 
the island growth regime the most of atoms join to the crystal by nucleation and 
incorporation into 2D islands. The mean distance between 2D islands characterizes the 
efficacy of the surface diffusion. With increase of the growth temperature or decrease of 
the flux the distance between 2D islands become larger. When this distance becomes 
compatible to the width of the terrace the transition to the step flow growth regime 
occurs. 
2.6.1 Surface diffusion on Si(111)-(7x7) surface 
The Si(111)-(7x7) surface has a complicated structure and the detailed of the adatom 
diffusion on this surface have been revealed only recently. A breakthrough become 
possible due to a progress in ab initio calculations and development of new 
experimental techniques, for example the atom tracking STM [53, 54]. Different 
methods to determine surface diffusion have been heavily undertaken both theoretically 
and experimentally in order to obtain the numerical value of the activation energy of 
surface diffusion on the Si(111) surface. Analyzing a growth process of Si on Si(111)-
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(7x7) it is possible to get the value of the activation energy for self-diffusion. Measuring 
the minimal interstep distance for 2D nucleation by the in situ ultrahigh vacuum 
reflection electron microscopy in the transition regime between step flow and 2D 
nucleation growth modes Latyshev et al. [55] estimated the activation energy of single 
atom diffusion on the Si(111)-(7x7) surface to be equal to 1.3 eV. Voigtländer et al. 
[32] using STM measurements of 2D island densities in the regime of pure 2D 
nucleation within the framework of classical rate equation theory obtained the size of 
critical cluster to be equal 5-7 atoms and diffusion energy to be 0.79eV (assuming i=7). 
Cho and Kaxiras [56] obtained the energy barrier within a (4x4) basin to be 0.56eV and 
between neighbouring basins 1.12eV using density-functional total-energy 
pseudopotential calculations, where the basin has the same local arrangement of atoms 
as inside of one (7x7) HUC. However, the model did not describe the diffusion across 
the dimer rows of the (7x7) cell. Therefore, the energy value for the diffusion between 
basins cannot be directly associated with the diffusion between half-unit cells. Using a 
novel atom-tracking technique Sato et al. [57] measured diffusion jumps between the 
half-unit cells by tracking of single atom on the Si(111) surface in variable-temperature 
STM. The activation energy was found to be 1.14eV. Due to structural unequivalence of 
faulted and unfaulted half-unit cells the barriers for the jump from the faulted half to 
unfaulted half and reverse can be different. Authors of [57] estimated also that this 
difference is less than 20meV. First principle calculations based on the density-
functional theory with ultrasoft pseudopotentials performed by Chang and Wei [58] 
provides detailed picture of hoping of an adsorbed Si atom on the (7x7) reconstructed 
Si(111) surface. They calculated the surface potential energy for an adsorbed atom in 
the (7x7) UC and established energy barriers for diffusion pathway within one half-unit 
cells and between faulted and unfaulted halves, those ranged from 0.3 to 0.7 eV and 
from 0.96 to 1.21 eV respectively. 
It is worth to emphasize that the diffusion of a single atom at a surface strongly 
depends on details of atomic arrangement of the surface, i.e. surface structure. For 
example, the diffusion of Si on Si(001) surface has a strong anisotropy caused by (2x1) 
surface reconstruction. So activation energies for diffusion parallel to the dimer rows 
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and perpendicular to the rows are different, the values of barriers are 0.6 eV and 1.0 eV 
correspondingly [59]. 
The barrier for a diffusion jump of an atom adsorbed on a substrate is determined by 
the interaction of this atom with a surface. This barrier on the same surface is different 
for the different materials. The process of diffusion for different materials, like H [60], 
Cl [61], Ge [62], Pb [63, 64], Ag [65] and several other metals, on Si(111)-(7x7) have 
also been studied. 
2.6.2 Small clusters on Si(111)-(7x7) 
The size of the (7x7) unit cell is relatively large (formed by two equilateral triangles 
with 27 Å side). The dimers form the sides of the triangles and play the role of an 
obstacle for an atom trying to escape from a halve cell. Therefore, the HUC triangles 
represent traps for adatoms. If several atoms get into the same half of the (7x7) unit cell 
(by diffusion or direct adsorption) they can create a cluster called also in literature as 
“magic” cluster1. The stability of the cluster is defined by the substrate temperature and 
chemical nature of the adsorbate (i.e. by atom bonding in the cluster), the cluster 
structure and the bonding of the cluster with the Si surface. For example, at room 
temperature adsorbed single Si atom diffuses inside the half-unit cell, whereas two 
atoms already form a stable unit, which can be resolved by the STM [66]. The number 
of atoms accumulated in one half-unit cell without changing the substrate structure is 
limited. Therefore at low growth temperatures, when the thermal energy is not sufficient 
to break the (7x7) structure unit under the cluster, the deposited material initially fills 
the surface reconstruction unit cells, thus forming on the surface the regular 2D array of 
small clusters. The formation of arrays of small clusters at submonolayer growth on 
clean Si(111)-(7x7) has been observed for deposition of several metals: Al [67], Na 
                                                 
1 The size, shape and property of small clusters do not have any real “magic” nature, like the well known preferred 
“magic” size of n2 atoms [34]; therefore the term “magic” is not used here. 
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[68], Ag [65], Pb [69], Sn [70], In [71] and represents an intrinsic property of the (7x7) 
reconstruction. 
Small clusters have been observed also during homoepitaxial growth and growth of 
Ge on Si(111)-(7x7) surface. Sato et al. [72] found that during the initial stage of Si 
deposition at room temperature and ultra-low coverage (~0.025 ML) tetramers are 
formed. These tetramers are located over the central dimers of a (7x7) unit cell and their 
formation involves only two additional atoms from the flux. The other two atoms are 
two adatoms belonging to the (7x7) structure. At higher coverages (0.05 ML) larger 
clusters were observed. The clusters are located preferentially in the centre of the 
faulted half-unit cells and have a height of about 1/3 of the step height [73]. Further 
growth leads to filling of unfaulted half-unit cells by the clusters as well [74]. At room 
temperature the surface mobility of Si atoms is suppressed, therefore these clusters have 
random shape. At higher temperature (more than the 4000C) the density of the small 
clusters on the surface is significantly smaller and the majority of arriving material goes 
either into existing steps or into already nucleated 2D islands. However, some amount 
of small clusters can still be observed up to 6000C. 
Hwang et al. performed a detailed analysis of the cluster behaviour at high 
temperatures using the temperature variable STM [75, 76, 77]. They observed several 
interesting effects, like decomposition of a bilayer island into several small clusters, 
cluster detachment from step edges, hopping of small clusters within a half-unit cell and 
very long diffusion hops to a distance of few hundred angstroms, electromigration of the 
clusters, bias current direction related attachment and detachment of the clusters from a 
step edge. By the observation of the dynamic behaviour of the clusters at step edges 
they estimated the cluster size to be between 9 and 15. From the temperature 
dependence of the diffusion jumps authors found an activation energy for long diffusion 
jumps to be ~2 eV. This energy is close to the Si-Si bond strength. One should note that 
this value is surprisingly small for the hopping process of an object consisting of about 
10 atoms. Therefore it is not really clear if the disappearance of a cluster at one point of 
the surface and its appearance at another place in two consecutive STM images can be 
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associated with a diffusion jump of the whole unit, since it also can be a result of many 
types of atomic process including dissociation and recombination of atoms. 
The initial stage of the Ge growth on a (7x7) reconstructed Si(111) surface exhibits a 
very similar behaviour compared to the case of Si homoepitaxy. Ordered arrays of small 
Ge clusters form on the Si surface with the (7x7) reconstruction as a template [78, 79]. 
Several attempts have been performed to create two-dimensional Ge cluster superlattice 
[80, 81, 82], where authors express a hope for possible applications of these structures. 
However, many properties (like exact atomic and electronic structure of the clusters, 
their stability) of such small objects on a surface are still unknown. Therefore, further 
experimental and theoretical efforts are necessary in order to provide fundamental 
understanding of the basic physics of the small clusters and to pave the way to 
exploitation of their properties as well. 
2.6.3 Nucleation and growth of 2D islands on (7x7) reconstructed 
surface 
On the ideal flat surface the incorporation of atoms from the flux into the crystal 
happens by attachment of the diffusing atoms into the kink sites or by nucleation of new 
islands. The presence of the surface reconstruction changes the mechanisms of the 
attachment and nucleation. To grow a new bit of the crystal by extending the edge of an 
island or the step of a terrace or by the nucleation of a new island the surface 
reconstruction in the underlying layer has to be converted to the bulk diamond structure. 
The reconstruction unit cell of the (7x7) DAS structure is outlined with the rigid 
framework of the dimer rows and is divided into two triangular subunits consisting of 
the stacking faulted and unfaulted halves. The structure of the (7x7) is so stable that 
high temperature of 850°C is needed for the thermal destruction. Therefore, at  typical 
growth temperatures it is difficult or even impossible for a single adatom to incorporate 
directly into the lattice of the crystal. This effect changes the nucleation and growth 
mechanisms. 
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Tochihara and Shimada [83, 84], based on the STM images of the Si(111) surface 
after submonolayer deposition, proposed the coalescent destruction model (CDM) for 
the mechanism of the initial stage of the epitaxial growth on the Si(111)-(7x7) surface. 
This model describes the nucleation and consecutive growth and is illustrated in the 
Figure 6. According to the model the small clusters play a primary role in the nucleation 
and the growth. Formation of a group of three small clusters (Figure 6a) acts as a basis 
for nucleation of an island. The central small cluster is located on the stacking-faulted 
half of the Si(111)-(7x7) unit cell, other two clusters are formed on adjoining unfaulted 
HUCs. As cluster size increases they start to coalesce into a crystallized island with 
simultaneous conversion of the faulted half underneath the central cluster into the 
normal staking (Figure 6b). 
 
Figure 6. Illustration of the process of initial epitaxial growth of Si on Si(111)-(7x7) based on 
the coalescent destruction mechanism. Hatched triangles are stacking-faulted HUSs in the 
substrate surface. Hemispheres and flat plates are the small clusters and crystallized island, 
respectively. Taken from the Ref. [83]. 
The crystallized island can easily accommodate Si atoms to its edges, because the 
destruction of the surface is not necessary and it grows fast till the edges meet the 
faulted HUCs (Figure 6c). To grow further the next faulted half has to be converted to 
the normal stacking and the process of the nucleation and growth repeats. The small 
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clusters are formed near the edge of the island (Figure 6d). Their coalescence cancels 
the faulted stacking and a new part incorporates into the island (Figure 6e). Diffusing Si 
adatoms easily incorporate into crystallized clusters to complete the unfaulted region in 
the substrate surface (Figure 6f). Then, the small cluster is formed on the faulted half 
between the edges of the island (Figure 6g). Two adjoin edges of the island act as 
clusters and help to cancel the faulted HUC. Finally, the equilateral triangular island is 
completed (Figure 6g). The growth of the next row occurs in the same way. 
Later Tochihara and Shimada performed the sequence of the “deposition, scan, 
deposition scan” experiments at 350°C and found that the formation of a new island 
occurs by the following way: small clusters → the “non atomic image cluster” → the 
crystallized 2D island → the DAS structure [46]. At first, a small cluster is formed in 
the faulted half of the (7x7) unit cell. This cluster grows and at some point of time 
covers the underlying faulted HUC and three neighbouring unfaulted HUCs. At that 
moment the cluster does not exhibit the atomic resolution and the authors called it the 
“non atomic image cluster”. The subsequent deposition of the small portion of Si leads 
to appearance of the atomic resolution on the cluster surface. Authors of [46] claim that 
now the underlying faulted stacking is cancelled and the cluster becomes crystalline. 
Further deposition supplies enough Si atoms to form the DAS structure. 
After a new 2D island has formed it grows by the attachment of atoms to its edges. 
The limiting factor for the lateral growth of the 2D island is a nucleation of a new row 
(corresponds to the transition d→e in the Figure 6). After a bit of new row has 
nucleated, the completing of the row happens relatively fast. Using the high temperature 
STM with the possibility to scan during the growth this effect was observed and 
reported by Voigtländer et al. [34]. The consequence of this effect is the observation of 
a number of equilateral triangular 2D islands. Such equilateral triangular islands consist 
of 2n  HUCs that leads to appearance of the peaks with the “magic” numbers in the size 
distribution of the 2D islands. 
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2.7 Surfactant-mediated epitaxy 
The presence of a atoms of a foreign element on the surface, different from both the 
growing film and the substrate, brings additional mechanisms into the behaviour of the 
adsorbate. It can be used for growth of films, which cannot be obtained by normal 
epitaxy. A sufficient amount of these foreign atoms or molecules must be supplied and 
stay situated on the surface during growth but at the same time the solubility of this 
foreign material in the film should be very small (zero in the ideal case). Such foreign 
materials are named as surfactants and are under extensive investigation by 
experimentalists and theoreticians in growth physics [85, 86, 87, 88, 89]. The general 
phenomenon of the surfactant in semiconductor epitaxy is that surfactant atoms saturate 
the surface dangling bonds and passivate the surface chemically. This leads to change of 
the surface free energy and as a result to different growth behaviour. In the case of 
growth Si and Ge the most commonly used surfactants are Sb, As, Bi, Sn, In, Ga [85]. 
The influence of these materials on process of epitaxial growth has been explored by 
many groups and a number of growth aspects on surfactant passivated surface have 
been clarified. However, several unresolved questions still remain. 
2.7.1 Termination of surface by surfactant 
The presence of a surfactant on Si(111) surface leads to change of the initial (7x7) 
reconstruction to more energetically favourable one. Different surfactant materials 
induce a different surface reconstruction. For example, one monolayer (ML) coverage 
of As converts the reconstruction to (1x1), where the As atoms are located at 
substitutional sites in the upper half layer of the topmost layer [90]. Sb atoms have 
larger atomic size and do not fit well into the substitutional sites on Si surface as in the 
case of As. Thus, at one monolayer Sb coverage the Si(111) surface reveals a 
( ) °× 3033 R  structure, where Sb atoms form trimers on top of the Si substrate [91]. 
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The process of the reconstruction change involves a mass transport of substrate 
material at the surface due to a difference in the number of atoms in the reconstructed 
top surface layer of the initial and final structure. Thus, the final surface morphology 
depends on details of the termination process of the surface by the surfactant. For 
example, there are 102 atoms in the top layer of one (7x7) unit cell. At the initial stage 
of Bi adsorption on Si(111)-(7x7) the Bi atoms replace the Si adatoms in the (7x7) DAS 
structure. Replaced 12 Si atoms (per one 7x7 unit cell) diffuse over the surface and form 
2D islands (on the large terraces) or incorporate to step edges. Such a surface structure 
of the top layer contains 102-12=90 Si atoms within the area of the (7x7) unit cell. The 
final ( ) 03033 R×  reconstruction constitutes of a layer of Bi trimers positioned on the 
bulk terminated top Si layer (with 49x2 = 98 atoms). Thus, to make a transition from 
intermediate to final surface structure 8 extra Si atoms are required. These atoms can be 
obtained either from closely located steps by a detachment or from the Si substrate 
surface layer by the formation of pits. Different diffusion length of Si atoms during the 
island and pit formation lead to a roughening of the surface [92]. Therefore, to obtain 
large atomically flat passivated surface areas the high temperature process of 
termination or annealing is required. 
2.7.2 Growth on surfactant terminated surface 
The presence of a surfactant layer on the surface introduces new atomic processes in 
the growth. A schematic view of important processes during surfactant-mediated growth 
is shown on Figure 7. The surfactant layer covers the surface homogeneously. Adsorbed 
atoms staying on top of the surfactant layer can diffuse over the surface (1) or replace 
the underlying surfactant atom on the terrace (2) or at the step edge (3) thereby 
becoming a part of the crystal. Under the surfactant layer atoms cannot diffuse because 
this would require to break many bonds of the surfactant layer. However, the process of 
de-exchange is possible for an atom on a terrace (4) and at the step edge (5). 
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Figure 7. Schematic view of the atomic process in surfactant-mediated growth on a surface 
(dark circles) covered by a full layer of surfactant atoms (grey circles): diffusion on top of the 
surfactant layer (1), exchange with the surfactant atom on the terrace (2) or at the step edge 
(3), de-exchange for an atom on a terrace (4) and on the step edge (5). 
The probability of every event is determined by the activation energy of the 
corresponding process. On a flat surface the relation between three activation energies – 
diffusion ( dE ), exchange ( exE ), and de-exchange ( dexE ) determines the kinetics of the 
atoms on a surface during growth. If the probability of the exchange is much smaller 
then the probability of the diffusion hop, i.e. dE < exE , an atom on the surface diffuses a 
long distance before the exchange event happens. Hence the diffusion length is very 
large. In the opposite case of dE > exE , an atom exchanges with a surfactant atom near 
its point of impact on the surface. It would result in a small diffusion length. At higher 
temperatures, the events of de-exchange become frequent and effective diffusion length 
is larger. Authors of Ref.[86] using first-principle pseudopotential total energy 
calculations obtained numerical values for the corresponding activation energies for Ge 
atom on Si(111) surface passivated by Ga, As and Sb surfactants. The energies strongly 
depend on the type of surfactant. Using ab initio calculations Schroeder et al. [87] 
calculated the barriers for Si and Ge species on As terminated Si(111) and Ge(111) 
surfaces. They found that the relation between diffusion and exchange barriers strongly 
depends on the type of adatom, substrate material, and surface strain. The main 
deficiency of these microscopic calculations is a difficulty to predict the correct kinetic 
path for the process. Therefore different studies give different values for barriers mainly 
because the proposed paths were different. Also those calculations refer to a single 
event, whereas the processes of exchange and de-exchange involve collective motion of 
many particles, which is still a difficult computational task. 
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One of the most useful effects of surfactant application is the possibility to change 
the growth mode. In the case of heteroepitaxial growth the material of the growing films 
has often a different lattice constant with respect to the lattice constant of a substrate. 
That leads to a 3D islanding as a way to relieve the strain. The presence of the surfactant 
can in certain cases suppresses the formation of 3D islands and the growth proceeds in 
the layer-by-layer mode [85]. Kandel and Kaxiras performed a review of known 
experimental data and theoretical approaches to elucidate the mechanism of suppression 
of 3D islanding by surfactants in the heteroepitaxial growth [86, 89]. They proposed 
that the ability to passivate island edges determines the efficiency of the surfactant. The 
mechanism, which leads to formation of 3D islands, is the decrease of detachment 
barrier at the step edge of a 2D island with increasing its size. Surfactants effectively 
passivating island edges increase the barrier for detachment and correspondingly 
suppress detachment events. Therefore, the formation of a new 2D island on top of an 
already existent one becomes kinetically suppressed. 
Step passivation or a barrier for incorporation at the edge changes the kinetics of 
nucleation. When step edges do not have a barrier, the edges are perfect sinks for 
adatoms, attachment to island edges is fast, and the growth is diffusion limited. The 
barrier makes the incorporation slow in comparison to the fast adatom diffusion. In this 
case the growth kinetics is limited by attachment to step edges. As a result, the final 
island density is different with and without the barrier for incorporation at the island 
edge. Using the mean-field rate equation approach Kandel [33] derived the expression 
for the maximum island density in the case when the barrier at the island edges is 
significant: 
( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛
+
++∝ +
kTi
EEiEFN bdii
i
)3(
))((2exp3
2
. 
Here bE  is the additional barrier to the diffusion energy for attachment of atoms to the 
edge of a stable island. The expression for island density (16) explains the experimental 
observation in case of surfactant mediated epitaxy and chemical vapour deposition, 
which are inconsistent with the standard theory [32]. 
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2.7.3 Growth of Ge on Bi-terminated Si(111) surface 
Recently, Bi as a surfactant has attracted significant interest due to several 
outstanding features of this element on Si substrate that make it preferable in comparing 
to other surfactants. The effectiveness of surfactant segregation determines the level of 
background doping which is generally undesirable for device applications. Bi has a 
significantly smaller (several orders of magnitude) solid solubility [93] than Ga, In, As, 
Sb. Therefore, much lower doping levels may be achieved than in the case of other 
surfactants. Another unique property of Bi is a possibility to distinguish between Si and 
Ge on STM images of scanned surface. Due to different electronic structure of the Bi 
terminated Si and Ge surfaces (in spite of identical atomic structure) the apparent height 
of Ge area is about 0,07 nm higher than the apparent height of Si. This astonishing 
effect gives a powerful tool to control the process of Ge film growth on Si surface. An 
alternation of Si and Ge deposition allow to observe the evolution of the surface during 
growth and to create the size controlled low dimensional objects on a surface like arrays 
of nano-wires and nano-rings, which was successfully demonstrated by Kawamura et al. 
[94].  
Moreover, it is generally recognized that a monolayer of Bi on a surface makes the 
exchange of Ge adatoms and Si atoms of a substrate less probable compared to free 
surface. Thus Bi prevents intermixing or interdiffusion of Ge and Si as well as other 
surfactants. The presence of Bi during Ge growth on Si(111) also prevents 3D islanding 
and a smooth continuous Ge film is formed. Finally, the Bi layer can be removed from 
the surface after growth by mild annealing at 5200C [95]. 
All these properties make Bi the most promising material for the surfactant mediated 
epitaxy on Si surfaces, whereas there is a lack of data in the literature concerning details 
of initial stage of growth on Bi passivated surfaces and further investigation is desirable. 
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2.8 Influence of strain 
In recent years, the heteroepitaxial growth of lattice mismatched semiconductor 
systems, like Ge/Si, InAs/GaAs, has attracted substantial interest. Tensile or 
compressive stress has a great influence on the properties of film and surface 
morphology. The effect of strain on bulk diffusion in Si and SiGe alloys has been 
intensively studied [96, 97, 98, 99]. Strain alters an energetics of interstitials and 
vacancies and modifies their diffusion characteristics. The formation energy of the self-
interstitial increases with an increase of compressive strain and decreases with an 
increase of tensile strain, whereas the formation energy of the vacancy decreases with 
increase of compressive strain and is almost independent of tensile strain [100]. Thus in 
a compressively strained film the diffusion increases exponentially with strain, due to 
smaller energy of vacancy formation, while the interstitial mechanism of diffusion is 
suppressed. For the case of surface diffusion, the situation becomes more complicated 
because the surface itself is a source of a strain and this strain changes with surface 
reconstruction [101], which in one's turn affects the adatom dynamics. In other words 
the applied external force or inner films strain can change the rate of adatom random 
walk on the surface either by deviation of the surface atoms from the relaxed positions 
and thereby changing the barrier for diffusion or by complete modification of the whole 
surface structure. 
2.8.1 Modification of the surface structure by strain 
There are several possibilities to introduce strain in the surface layers. The simplest 
is just to bend a plane substrate. Thus one of two surfaces is exposed under tensile stress 
whereas on the opposite side of the bend sample the surface layer is under compressive 
stress. Such a kind of external force induces a uniaxial stress in the surface. It is 
certainly possible to design a system where the surface is under uniform stress and thus 
to prevent an undesirable change of the surface symmetry. However, it is difficult to 
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achieve a significant amount of strain by externally applied mechanical forces because it 
requires strong forces that could crack the sample. To overcome this problem thin 
heteroepitaxial film can be used. Due to lattice mismatch the film is strained and the 
films with a different strain can be obtained by an appropriate choice of the substrate 
material. 
Several groups of researchers [102, 103, 104, 105] have observed a change in 
distribution of the (2x1) and (1x2) size domains on the Si(100) surface under externally 
applied uniaxial stress. Under compressive strain the favoured domains are the domains 
with the strain oriented along the dimer bond direction, while under tensile strain the 
other domain type is favoured. For the Si(111) surface Vanderbilt [106] has predicted 
the phase-change trend c(2x8)→(7x7)→(5x5) under external compression and reverse 
trend under tensile stress. Wei et al. [107], using STM investigated the influence of 
strain on the Si(111) reconstruction caused by the application of an external isotropic 
tensile strain up to one percent. They have found that surface prefers to lower the strain 
by the movement of [110] type dislocation due to slip of }111{  planes in the bulk and 
no expected reconstruction transition was detected. However, numerous experiments 
with the Ge growth on Si(111) clearly confirm Vanderbilt’s reconstruction transition 
trend. The (111) surface of the bulk Ge sample shows c(2x8) reconstruction. Ge film 
with a thickness of several layers grown on Si(111) substrate is under 4.2% compressive 
stress and the optimal surface configuration is the (5x5) reconstruction. The 
intermediate case is realized by partial relaxation of Ge in 3D islands. The flat top 
surface of islands shows the (7x7) reconstruction. The cited examples of the strained 
surfaces show that the presence of strain can drastically change the surface structure, the 
energetics of the growth processes, and thereby their dynamics. 
2.8.2 Influence of strain on diffusion 
The influence of strain on adatom surface diffusion is especially important, because 
it directly affects the film morphology. There are only several studies devoted the effect 
of strain on the surface diffusion barrier. The barrier for the metallic system Ag on 
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Ag(111) is experimentally found to decrease from 97meV to 60meV with increasing 
compressive strain to 4.2% and increase with tensile strain [108, 109]. Schroeder and 
Wolf [110] found the same behaviour of the diffusion barrier with strain for sc, bcc and 
fcc (100) surfaces for atoms, which interact with Leonard-Jones potential. For metals, 
the strain dependence of the surface diffusion can be understood in an intuitive way. 
Lattice compression moves a diffusing atom out so that it experiences a less corrugated 
surface potential. In the case of semiconductors, the strain dependence of the surface 
diffusion cannot be explained so simply. Molecular dynamic simulations [111] using 
empirical potential for GaAs(100)-(2x1) showed that when the surface is under 5% 
tensile strain, the diffusion barrier is increased by a factor of three, and under equivalent 
compressive strain, the barrier is reduced only by a few percent. But authors of [112] 
using first-principle analysis found that in case of In/GaAs(001)-c(4x4) surface the 
barrier has a non-monotonic strain dependence with a maximum at compressive strain, 
while being a decreasing function for any tensile strain. For the Si(100) surface 
computer simulations [113, 114] showed that the tensile strain lowers the adatom 
diffusion barrier along the dimer rows. First principal calculations [115] reveal a 
decrease of the diffusion barrier along the dimer rows under either compressive or 
tensile external strain. However, an experimental study [116] explored that the rate of 
hopping of Si dimers along the substrate dimer rows is relatively insensitive to tensile 
strain, whereas the hopping across the dimer rows is significantly enhanced. Recent first 
principle calculations [117] of the activation energy for Si adatoms on (1x1)-Si(111) 
surface demonstrated the increase of the barrier when the surface is under compressive 
strain and the decrease under tensile strain. The activation energy of surface diffusion 
on (1x1)-Si(111) unstrained surface is found to be 0.8eV. Under the applied strain of 
±1% the diffusion energy varies within a range of 0.1eV. The calculation on the strained 
(7x7)-reconstructed surface has not been performed until now. 
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3 Experimental techniques 
The experiments were performed in homemade ultra-high vacuum (UHV) apparatus 
with a base pressure P<3x10-11mbar. The apparatus comprises of a load-lock chamber, 
MBE chamber, STM chamber and a set of vacuum pumps. A schematic view of the 
system is shown in Figure 8. The load-lock chamber is used to introduce and transfer 
the samples from air to the UHV part of the system and also contains a tip thermal 
cleaning system. The cleaning of the sample and deposition are carried out in the MBE 
chamber, which is equipped with Si and Ge electron beam evaporators, Sb and Bi 
evaporation cells, quartz-crystal monitor, infrared pyrometer, and sample transfer 
mechanism. 
 
Figure 8 Sketch of the experimental system. 
The design of the system allows to perform subsequent and simultaneous deposition 
of materials and control the sample temperature and evaporation rates. After growth the 
sample can be transferred to STM chamber without exposition in air thus preserving the 
surface for subsequent STM measurements with atomic resolution. 
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3.1 MBE system 
The MBE system used here consists of the UHV chamber equipped with the material 
evaporators, growth rate gauge, and sample heater. A homemade electron beam 
evaporator was used to vaporize Ge and Si (Figure 9). Electrons emitted from the red-
hot filament and accelerated up to 2-3 keV heat the crucible with Si or Ge. The filament 
is hidden from the sample for the purpose of the protection of sample from 
contamination. The water-cooled shield surrounds the hot part of the evaporator and 
prevents the overheating of the evaporator. A Ta crucible with the high temperature of 
the melting point (3017°C) used here gives a sufficient purity of evaporation for growth 
experiments. The rate of evaporation is determined by the temperature of the crucible, 
which can be adjusted by the emission current and by the acceleration voltage. The 
evaporator can supply the growth rate of films up to several angstroms per second. 
 
Figure 9. Sketch of the electron beam evaporator used for Si and Ge evaporation. 
A commercial W.A. Technology Ltd standard Knudsen cell with stabilized 
temperature controller is used for Bi evaporation. The controller stabilizes the 
temperature of the boron nitride crucible with accuracy better than 1% of the desired 
temperature. 
The growth rate is measured with the commercial thin film deposition controller 
“Inficon XTC”. The controller represents itself a quartz crystal transducer type 
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deposition controller, based on the effect of change the resonance frequency of the 
quartz plate with a film thickness deposited on its surface. 
Applying a direct current through the sample performs the heating of the substrate. 
By changing the applied power it is possible to vary the substrate temperature up to the 
melting point of Si (1414°C). 
3.2 Sample preparation 
The samples were cut from Si(111) Sb-doped wafers with 1x1019 atom/cm doping 
and had a size of 7x4x0.5 mm. Flat clean Si(111)-(7x7) surfaces were prepared by 
cycles of in situ annealing at 1230°C. The rapid quenching of the sample at the 
temperature of the reconstruction transition from (1x1) to (7x7) (830-850°C) leads to 
formation of incoherent reconstruction domains and surface defects. Therefore, the slow 
cooling (about 1°C/sec) in the range of temperature from 900 to 750°C is required to 
obtain the atomically flat and uniform (7x7) reconstructed surface. 
3.3 Tip preparation 
The tip preparation is an important point, which defines the resolution of the 
microscope and quality of images. The tip should have a minimal radius of curvature at 
the end and a narrow diameter to penetrate into pits on the surface. The tip material 
should be stable in high electric fields. The tips used in the experiments have been made 
from tungsten wire using the standard procedure of the electrochemical etching in 
NaOH solution [118, 119, 120]. The freshly etched tip was fixed in a special tip-holder 
and installed into a load-lock chamber to perform the second stage of the tip 
preparation. The second stage includes the thermal removing of the oxide layer from the 
tip and preliminary check of the tip quality. 
The homemade system for the tip heating allows to preliminary check the sharpness 
and stability of a new tip before the installation into the scanning tunnelling microscope. 
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Resistive heating of the tip apex is performed in order to remove the oxide layer and 
other contaminations remaining after the chemical etching. The direct current is applied 
between the tip and tungsten filament that touches the tip at the point near to the tip 
apex. The sharpness of the tip is controlled by the value of applied voltage to provide 
the field emission effect from the sharp apex of the tip. It was found [121] that to get the 
emission current of 1nA, the applied voltage should not exceed 600 V. If a higher 
voltage than 600V is required the tip has a poor sharpness and has to be changed. The 
removal of the oxide layer and tip test are performed in vacuum. The pressure during 
the operation is about 10-8 mbar. 
After the second step of tip preparation the tip is introduced by the transfer system 
into the tunnelling microscope. The quality of the new tip is checked by the scanning of 
the clean Si(111)-(7x7) surface. If the STM images show clear (7x7) reconstruction and 
sharp step edges, the tip and sample can be used for the further experiments. 
3.4 Sample heating and temperature measurement 
The temperature of the substrate was measured using the non-contact, infrared 
radiation thermometer “Ircon Modline Plus”. The temperature range of the thermometer 
is 500 to 1500ºC. The thermometer measures the temperature of the Si substrate with an 
accuracy of ±1%. To control the substrate temperature below 500ºC a special calibration 
experiment was performed. In the calibration experiment the sample temperature was 
measured simultaneously by the pyrometer and a thin thermocouple fixed on the back 
side of the sample. The temperature measured by the thermocouple and plotted as a 
function of the applied heating power P  ( UIP ×= ) gives a monotonous curve, which 
can be well fitted by parabolic function from the room temperature up to 800°C. 
Corresponding data are presented in Figure 10. 
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Figure 10. Temperature of the Si substrate measured by a thermocouple and optical 
pyrometer as a function of applied power. 
Temperatures above 500°C measured by pyrometer and thermocouple give almost 
the same values; therefore the parabolic extrapolation of the heating power dependence 
of the temperature measured by the pyrometer can be used to control the sample 
temperature for the temperatures below 500°C. The precision of the temperature 
measurement by this method is estimated to be about ±2%. 
3.5 STM design 
The scanning tunnelling microscope is a microscope based on the principle of 
quantum mechanical tunnelling of electrons between a sharp tip and a conducting 
sample. The STM was developed by G. Binnig and H. Rohrer [122] in the early 1980s 
and found applications in the very different areas of science from surface science to 
electrochemistry and biology [123]. 
By moving the tip across the sample surface it is possible to image the three-
dimensional real space structure of the surface down to the atomic scale resolutions. The 
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piezo drives allow moving the tip with a subatomic precision in all dimensions. The 
piezo operation is based on the effect of the compression or extension of a piezo-crystal 
in an electric field. The tube geometry (shown in Figure 11) is usually used to produce 
the piezo drives. The piezo ceramic tube is coated by five metal sections, four at the 
outer side of the tube (X+, X-, Y+, Y-) and one at the inner side. A voltage applied 
between the inner section and one of the four outer sections maks this section longer or 
shorter. If all four sections are made longer or shorter by the same amount, the tip 
moves in the z-direction. If the X+ side is made longer and at the same time the X- side 
is made shorter by the same amount, the tube deforms a little bit, as indicated in Figure 
11. For small deformations, the tip moves primarily in the X-direction. The same can be 
done in the Y-direction. 
 
Figure 11. Distortion of the piezo tube under applying external voltage. 
A homemade beetle-type STM was used to obtain the topography of the surface after 
deposition process is stopped. The principal construction of the microscope is shown in 
Figure 12. The tungsten tip used in STM is extremely sharp and in ideal is terminated 
by a single atom. The tip is fixed in a tip holder, which is mounted on a piezoelectric 
drive (main piezo) to provide a movement in three dimensions, controllable with the 
sub-atomic accuracy. The Si sample is fixed in the sample holder that lays on the ramp 
ring. The ramp ring has three slant basins at the bottom, which allow moving of the 
ramp ring up and down by the rotation of the ring. Three approach piezos are used to 
rotate the ramp ring and thereby to approach the sample to the tip. 
At separations of a few angstroms between the tip and substrate electrons become 
able to tunnel through the vacuum barrier via the quantum mechanical tunnelling effect 
at a bias voltage applied between the tip and surface. The tunnelling current is 
extremely sensitive to the distance between tip and sample due to the exponential decay 
of the electron wave functions. It provides a very fine resolution perpendicular to the 
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surface. Since the current falls off so rapidly with distance, most of the tunnelling 
current flows through the apex atom of the tip giving lateral atomic resolution. 
 
Figure 12. Construction of the scanning “head” of the tunnelling microscope. 
An STM operates usually in constant current mode: the surface is raster scanned 
when the tip-sample separation is varied by means of a feedback loop to keep the 
tunnelling current constant and a map of the surface is produced directly from the 
vertical tip position for given current. The circuit used for the feedback electronics 
schematically shown in Figure 13. The tunnelling current It is converted by preamplifier 
(PA) to a voltage Vt. In the next step, this voltage converts (by DAC) to a digital 
number Vt. Since the tunnelling current and therefore the voltage Vt both are 
exponential functions of the distance d between the tip and the surface, the logarithm of 
the voltage Vt is a measure of that distance. We refer to the result of the logarithmic 
conversion as Vlog. From this voltage Vlog we subtract a reference voltage Vref. The 
reference value can be chosen at will. It gives a measure for the tip-surface distance that 
we want to work at. When the difference voltage between Vlog and Vref is equal to zero, 
the tip-surface distance is precisely right. If the difference is positive, the distance is too 
small; and when it is negative, the distance is too large. This difference voltage forms 
the input for a high-voltage amplifier (HVA), which amplifies it very strongly and 
passes it onto the piezo element that we controls the height of the tip. It closes the 
feedback loop and makes the system complete. 
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Figure 13. The scheme of the circuit feedback electronics that is used in the scanning 
tunnelling microscope. 
While this feedback system is active, two other parts of the piezo element are used to 
move the tip in the X and Y directions, parallel to the surface to scan over the surface 
line by line. 
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4 Growth kinetics and island density 
Direct observations of the diffusion jumps of a single atom on the surface using STM 
is possible only at temperatures close to room temperature [54], where the nature of the 
diffusing species and the diffusion mechanisms can be different from those at realistic 
growth temperatures of several hundred Kelvin. Therefore, to study the mechanisms, 
which determine the epitaxial growth (like surface diffusion, attachment) one needs to 
measure a parameter that contains the information about the interesting mechanisms at 
typical growth conditions. One of the possible parameters is the density of 2D islands 
on the surface after submonolayer deposition. The island density is a result of the 
interaction of the diffusing atoms with the substrate and between each other; therefore it 
contains information about the activation energy for diffusion, bonding between atoms 
on the substrate and with the substrate, etc. 
An atom deposited on the crystalline surface can hop to the next site, when the 
activation energy for diffusion is overcome. One atom on an infinitely large and flat 
surface can diffuse infinitely long time. In the real deposition process adsorbed atoms 
diffuse over the surface a finite distance, and then either the incorporation into a step 
edge or an existing island occurs, or bonding to other diffusing atoms will lead to the 
nucleation of a new island. The average distance, that atom travels before its diffusion is 
stopped by one of the processes mentioned above, is usually called the “effective” 
diffusion length. In the regime of the 2D island growth mode this effective diffusion 
length is proportional to the average distance between 2D islands after submonolayer 
deposition. The island density DN2 , which can be easily measured directly from the 
experiment, relates to the effective diffusion length l  as ( ) 212 −≈ DNl . 
The effective diffusion length depends on the activation energy dE  to hop from one 
binding site to the next. The larger the activation energy for diffusion is the less mobile 
adatoms are. The slow adatom diffusion means that adatoms travel a short distance 
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before they meet another adatom and nucleate a cluster or incorporate into the crystal. 
Therefore larger island density is expected for larger value of dE . 
However, the effective diffusion length depends also on the lateral bonding of atoms 
in a nucleus of a 2D island. If several diffusing atoms meet at one point on the surface 
they form a nucleus. The probability to decay or survive for such a nucleus depends on 
the lateral bonding inside the nucleus. If bonding is weak the nucleus will decay easily, 
if bonding is strong enough the nucleus can grow further to a stable 2D island. Stronger 
lateral bonding between the atoms means fewer atoms are necessary to form the stable 
nucleus. The aggregation of a smaller number of atoms happens more frequently and 
hence nucleation events occur more often in this case. Therefore, for atoms with strong 
lateral bonding the island density will be higher than for weakly bonded atoms. 
The density of islands also depends on the particular mechanisms of the nucleation. 
It is known that on the (7x7) DAS reconstructed surface two types of islands are 
present: the normal 2D islands and the small clusters occupying the halves of the 
reconstruction unit cells. A 2D island consists of a significantly larger number of atoms 
than a small cluster; therefore, it is natural to assume that the small cluster serve as 
precursors for the 2D island. The small clusters and 2D islands represent an interacting 
system and the absolute values of their densities are defined by the competition between 
2D islands and the small clusters for adatoms. The details of this competition will be 
discussed later, now I only want to emphasize that the presence of the surface 
reconstruction, especially such complicated as the (7x7), can change the process of the 
growth drastically and the data of both components of the system are required to make 
the complete picture of the system evolution. 
Measurements of the island density play a role of a probe for the investigating 
system. The system is complicated and characterized by several parameters, which 
determine the resulting island density. In order to find out how the system evolves we 
have to change the input parameters and see which consequences it would produce. In 
other words, the modification of the growth condition changes the measured island 
density. By analyzing the trends of the island density changes it is possible to reveal the 
mechanisms responsible for these changes. The temperature and rate of the 
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condensation, the material of the substrate and film, the reconstruction of the surface 
and applied external strain can be used as the input parameters of the growth system. 
To elucidate the effect of material, reconstruction, and strain the appropriate template 
surfaces have to be prepared. Moreover, it is necessary to have the templates, which 
differ only in one of the mentioned properties in order to study selectively the 
dependence of the island density on this property. Measurements of the island density 
after a sub-monolayer deposition were used to study the nucleation and growth of the 
islands on the Si(111) and Ge(111) template surfaces which differ with respect to 
surface reconstruction, strain, and material. If it is possible, we compare the island 
density on template surfaces, which differ only in one of the mentioned properties. 
Often it turns out to be difficult to assign an observed change in the island density 
unambiguously to one mechanism: modified barrier for diffusion (for instance due to 
strain) or modified bonding. In such cases some additional arguments are necessary to 
exclude one of the effects. 
4.1 Creation of the template surfaces 
In this section the general approach to creation of the desired template surfaces is 
described, and the experimental details of the realization are present. 
4.1.1 Strained and relaxed Ge(111) surfaces 
To elucidate the effect of strain on the nucleation and growth it is necessary to 
prepare strained and unstrained template surfaces of the same material and the same 
surface reconstruction, because the surface reconstruction itself can change the surface 
properties. Using an epitaxially grown Ge film on a Si(111) substrate it is possible to 
create strained and non-strained surfaces with the same surface reconstruction. Due to 
the 4.2% larger lattice constant of Ge, the pseudomorphic film of Ge on the Si(111)-
(7x7) substrate is under strong compressive stress, see Figure 14(a). Such film can be 
used as a template of a strained surface. Depending on the deposition conditions (see 
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below) a mixture of the (7x7) and (5x5) reconstruction domains is found on these 
strained films. 
The easiest way to obtain an unstrained Ge surface is just to use a Ge bulk sample. 
However, a bulk Ge sample reveals a different surface reconstruction - c(2x8) [6] that 
makes unacceptable to use it as a template of the non-strained Ge surface due to the 
uncertain influence of this reconstruction on the diffusion. In the experiments presented 
here the known experimental observation was used, which shows that on top of 3D Ge 
islands grown on the Si(111) a large flat area with a (7x7) reconstruction exists [124]. 
Moreover, it is known that these 3D islands are largely relaxed [125]. Therefore, such 
surface is ideal as a source of a almost unstrained Ge surface. Figure 14 shows a 
schematic view of the strained (a) and relaxed (b) Ge(111) surfaces used as the 
templates in the experiments. 
 
Figure 14. Schematic view of a strained Ge film growing pseudomorpically on the Si 
substrate (a) and of a relaxed 3D Ge island with (7x7) reconstruction on its flat top (b). 
The (7x7) surface area of the one bilayer (BL) Ge film and flat (7x7) reconstructed 
surface of the top of the Ge 3D islands differ only with respect of strain, while the 
surface reconstruction is the same. These two template surfaces will be used in the 
following, for investigation of the strain effect. 
4.1.2 Ge(111) surfaces with different reconstruction 
A 1BL Ge film grown on the Si(111) surface can contain domains of the (7x7) and 
(5x5) reconstruction (Figure 14(a)). The Ge film on the Si surface is compressively 
strained, therefore both the (7x7) and (5x5) reconstructed areas of the film experience 
the same 4.2% compression. Thus, the areas of the (7x7) and (5x5) reconstruction of the 
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1BL Ge film differ only with the respect of the surface reconstruction and can be used 
as templates in the experiments when the growth on different reconstructed surfaces is 
compared. 
4.1.3 Surfaces of different material 
By growing a Ge film on the Si(111) substrate it is possible to produce a variety of 
Ge template surfaces with the different surface reconstruction and strain. However, it is 
more difficult to produce the Si surface that experiences a significant strain or has the 
reconstruction different from the (7x7). Therefore, only the clean Si(111) substrate was 
used in the experiments as a template of the Si (7x7) reconstructed surface2. The Ge 
relaxed and (7x7) reconstructed surfaces of the 3D Ge islands can serve as the 
complementary template for the Si(111)-(7x7). 
To see the effect of the material on the nucleation and growth of the islands the 
deposited material can be varied as well as the substrate material. The comparison of the 
island density of the Si and Ge islands on all types of the template surfaces can be used 
to elucidate the effect of the deposited material. The change of the substrate material 
(between Si and Ge), while the deposited material remains the same, may help to clarify 
the effect of the material as a substrate feature. 
By varying the deposited material and the substrate templates, the following 
combinations of the islands and the surfaces can be obtained experimentally: 
 
 
 
 
                                                 
2 Several attempts to create a strained Si(111) surface with the (7x7) reconstruction were also performed and will be 
described later.  
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Template surface Surface Reconstruction
Surface Strain Deposited 
material
Strain in 
islands 
Si(111)-(7x7) 7x7 - Si - 
Si(111)-(7x7) 7x7 - Ge Compressive 
1BL Ge/Si(111) 7x7 Compressive Si - 
1BL Ge/Si(111) 7x7 Compressive Ge Compressive 
1BL Ge/Si(111) 5x5 Compressive Si - 
1BL Ge/Si(111) 5x5 Compressive Ge Compressive 
3D Ge/Si(111) 7x7 Relaxed Si Tensile 
3D Ge/Si(111) 7x7 Relaxed Ge - 
Table 2. Combination of the template surfaces, the deposited material, corresponding surface 
reconstruction, and strain state. 
4.1.4 Experimental details of the creation of templates 
A temperature of 500°C was used to create compressively strained and relaxed Ge 
films. This temperature was chosen on the one hand to create large defect-free areas of 
the required surfaces, and on the other hand to avoid intermixing. In Figure 15 the STM 
image shows the 1BL Ge film surface grown at 500°C. It should be noted that an actual 
amount of deposited Ge was slightly higher - 1.2BL in order to completely cover the Si 
substrate by a bilayer Ge film. Extra 0.2BL is accumulated in the big 2D islands on top 
of the first Ge layer. The area between those 2D islands is sufficiently big to use it in the 
experiments with subsequent lower temperature deposition, where many smaller islands 
are formed. The surface structure of the 1BL Ge film consists of a mixture of the (7x7) 
and (5x5) reconstruction domains. The different structure of the (7x7) and (5x5) domain 
units or different phase in the case of two domains of the same reconstruction results in 
a discrepancy in the joining of the neighboring domains and the structural defects are 
formed at their boundary. The domain boundary defects induce an extra number of 
dangling bonds and act as preferential places for nucleation. Large, defect-free areas of 
the (7x7) and (5x5) reconstruction on the 1BL Ge film were used as templates to study 
the effect of the reconstruction on the nucleation and growth of the Ge and Si islands. 
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Figure 15. 1BL Ge film grown on the Si(111) at 500°C (700x700Å). The (7x7) and (5x5) 
reconstructed domains are present on the surface. 
In Figure 16 the morphology of the surface after deposition of 15ML Ge on Si(111) 
at 500°C is shown. The 3D Ge islands are present at the surface. The islands have 
different heights and occupy different areas on the surface. In general they can be 
separated into two groups. The first group contains the wide flat islands with height of 
about 70-120Å (islands (1)-(3) in the image). These islands have a network of misfit 
dislocations at the Ge-Si interface. This dislocation network produces distortions of the 
crystalline lattice around dislocation lines. For 3D islands with smaller height these 
distortions produce small surface undulations on the top of the islands and can be seen 
in the STM images. For higher islands the amplitude of the undulation decreases and 
flat uniform surface is observed. The misfit dislocations significantly relieve the misfit 
strain in those islands. 
The 3D islands of the second group have significantly larger aspect ratio compare to 
the islands of the first group. The height of those islands is about twice larger, than the 
height of the islands of the first group, whereas the width is several times smaller (island 
(4) in the image). The islands seem to have no misfit dislocations (at least at the initial 
stage of their growth) and the misfit strain relives via the bulk expansion of the islands 
with higher aspect ratio. The area between the 3D islands is a 3BL thick Ge film also 
called as a Wetting Layer (WL). The WL is compressively strained and has the (5x5) 
reconstruction. 
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Figure 16. Perspective view of the 15ML thick Ge film grown on Si(111) at 500°C 
(18000x9000Å). The island heights are: (1)-100Å, (2)-90Å, (3)-70Å, (4)-190Å. 
The (7x7) reconstructed flat top surface of the 3D islands of the first group was used 
as a template of a nearly unstrained Ge(111)-(7x7) surface for subsequent Si and Ge 
sub-monolayer deposition and measurements of the 2D island densities. The (7x7) areas 
of the 1BL Ge film were used as a template of a 4.2% compressively strained Ge(111)-
(7x7) surface. 
4.2 Intermixing of Ge and Si 
On the Si(001) surface it was found, that during the initial deposition of Ge on 
Si(001) the incorporation of Ge is displacive [126]. In this case the incoming Ge atoms 
are incorporated randomly into the Si surface and displace Si atoms from the surface 
layer, which then diffuse towards the step edges. This displacive incorporation leads to 
a strong Si/Ge intermixing on the Si(001) surface. However, such a growth behaviour 
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on the (001) surface can be the consequence of the particular surface structure. The 
(111) surface is more densely packed, therefore the displacive adsorption and 
intermixing are less probable. With the help of two control experiments it was 
established, that Si/Ge intermixing is not significant on the Si(111) surface. 
The surface energy of the Ge surface is lower than that of Si, therefore Ge atoms 
should have tendency to segregate. If the displacive adsorption takes place during the 
growth of Ge on Si, then every subsequently grown Ge layer should contain lower 
amount of Si. Even for the case of strong intermixing, after growth of several layers the 
percentage of Si in the top layer is negligible because the amount of Si in every 
subsequent layer decreases exponentially. To elucidate the possible effect of 
intermixing one has to compare surfaces, which would have a large amount of Si at the 
surface in the case of substantial Si/Ge intermixing to a surface that contains only Ge 
(also if Si/Ge intermixing is substantial). As will be shown later, a high amount of Si in 
the substrate leads to a much higher 2D island density. Since we do not observe this 
effect comparing the island densities on our two reference surfaces, one can conclude, 
that SiGe intermixing is small for the conditions used here. 
In detail, the densities of 2D Ge islands on a 1BL Ge film and on the 3BL thick Ge 
wetting layer were compared. If Si/Ge intermixing is strong, the Si content in the 1BL 
Ge film will be substantial. This is different for the wetting layer. The wetting layer has 
a thickness of about 3BL Ge. Therefore, even in the presence of substantial Si/Ge 
intermixing every consecutively grown layer of Ge should have a lower concentration 
of Si. Hence, a significantly lower amount of Si is expected to be present in the top 
layer of the wetting layer in comparison with the 1BL Ge film. As it will be shown later: 
a large Si content in the substrate results in a high density of 2D islands while a large 
content of Ge in the substrate results in a lower island density. Thus, different densities 
of 2D Ge islands on two surfaces would indicate a different Si content. However, 
experiments show almost the same 2D island density on the 3BL Ge wetting layer as on 
the 1BL Ge film. Figure 17 shows an Arrhenius plot of the island density dependence 
for epitaxy of Ge on (5x5) reconstructed 1BL Ge film and on the Ge wetting layer (also 
(5x5) reconstructed). As one can see from the figure, the data points for island density 
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on the wetting layer lie only slightly lower than for the deposition on the (5x5)-1BL Ge 
film. Since, for substantial intermixing, the island density on the 1BL film would be 
expected to be about 2.5 times larger than on the wetting layer (see below), we can 
conclude, that no substantial Si/Ge intermixing occurs. 
 
Figure 17. Density of 2D Ge islands on a (5x5) reconstructed 1BL Ge film grown on Si(111) 
and on the 3BL thick Ge wetting layer with (5x5) reconstruction as a function of growth 
temperature. 
An evidence against Si/Ge intermixing in the 1BL Ge film is also found from the 
areas occupied by (5x5) and (7x7) reconstruction domains obtained at different growth 
conditions. On the 1BL thick Ge film both (5x5) and (7x7) surface reconstruction 
domains are observed. One could assume, that the (7x7) reconstructed domain is 
intermixed with Si and maintains the (7x7) structure due to a large Si content. If Si/Ge 
intermixing occurs in the 1BL Ge film, one would expect, that intermixing would be 
strongest for low deposition rates. In this case the (7x7) domain (presumably intermixed 
phase) should be more prominent, because longer time is given for the interdiffusion. 
Conversely, for higher deposition rates intermixing should be kinetically suppressed, 
due to the high rate less time is available for interdiffusion. It would lead to a larger area 
of the (5x5) reconstruction domains. However, in the experiments just the opposite 
trend was observed. 
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In summary, choosing certain growth conditions (substrate temperature and 
deposition rate) it is possible to create the 1BL Ge film with a surface where one type of 
reconstruction is dominant. Using a variety of deposition parameters it is found that at 
lower deposition rate (about 0.03ML/min) the surface of 1BL film has mostly the (5x5) 
reconstruction. Films deposited at higher rate (about 1ML/min) always reveal a mixture 
of the (7x7) and (5x5) reconstructions. The low rate deposition provides higher 
probability of the intermixing due to longer lifetime of adatoms before its incorporation 
into the crystal and therefore longer time, which adatoms diffuse over the surface. Since 
at low deposition rates the (5x5) domain is formed, which is known to occur for large 
strains and pure Ge, the experimental results are inconsistent with substantial 
intermixing. The experiments show, that the equilibrium structure (forming at low 
growth rates) of 1BL Ge is (5x5) reconstructed and under kinetic conditions (high 
growth rate) a metastable (7x7) Ge structure is formed. This confirms that the 
intermixing of Si into the 1BL Ge layer is small. 
4.3 Island density measurements 
In this section the experimental findings are presented with only qualitative 
explanation of the observed phenomena. Later a model of the nucleation on the DAS 
reconstructed surface will be described in detail and in the framework of the model a 
qualitative analysis will be given. 
4.3.1 Island density on (5x5) and (7x7) reconstructed Ge surfaces 
A typical substrate temperature of 500°C and a deposition rate of 0.7ML/min were 
used to grow a 1BL Ge film on the Si(111) in order to obtain a surface, which contains a 
mixture of relatively large (7x7) and (5x5) surface reconstruction domains. The island 
density was measured after submonolayer deposition on both types of reconstructed 
surfaces. Figure 18 shows a STM image of 0.4ML Ge grown at 290°C on a 1BL 
Ge/Si(111) film. The mixture of (5x5) and a (7x7) reconstructions is clearly visible on 
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the image. There are two types of islands on the surface. The first type of islands is the 
usual 2D islands, which have a size of several unit cells of the surface reconstruction. 
The second island type is the small clusters. The size of the these clusters is smaller than 
the half unit cell of the surface reconstruction. 
 
Figure 18. STM image of 0.2BL Ge grown at 290°C on a 1BL Ge film on the Si(111). Two 
regions with different reconstructions are imaged. 
From Figure 18 it is evident, that the most of the small clusters appear on the (7x7) 
reconstructed areas and only few small clusters are located at (5x5) domains. The small 
clusters grow to a certain size and cannot grow larger than some "critical" size. Every 
small cluster is located within a faulted half of the reconstruction unit cell. The 
experiments show, that the density of the small clusters changes significantly with 
temperature. At low temperature epitaxy (150°C) the (7x7) surface has an extremely 
high density of small clusters, more than 50% of faulted half unit cells are occupied. At 
higher temperature (500°C) the density of small clusters is lower and the deposited 
material nucleates as larger 2D islands. Also for the (5x5) surface a qualitatively similar 
trend is observed. The small clusters on the (5x5)-reconstructed surface are also mostly 
located on the faulted halves of the (5x5) unit cells. The density of small clusters on the 
(5x5) reconstruction is significantly smaller compared to the (7x7) surface in the whole 
range of the temperatures used in the experiment. The fraction of occupied HUCs of the 
(5x5) reconstruction is small at the temperature above 130°C, whereas a significant 
number of small clusters can be observed on the (5x5) reconstructed Ge surface at 
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temperatures below 50°C [127]. These results show that the small clusters are stable at 
low temperature (50°C on the (5x5) reconstructed surface and 150°C on the (7x7) 
reconstructed surface, respectively). At high temperatures the density of the clusters is 
small and one might think that at this temperature the clusters are unstable. However, as 
it will be shown later, the low island density of the small clusters at high temperatures is 
not a consequence of an instability of the clusters but the result of the competition 
between 2D islands and clusters for free adatoms. 
On the 1BL Ge template surface it is possible to find relatively large areas without 
surface defects, like reconstruction domain boundaries or pits. The islands on large 
domains, which are located far from the domain boundaries, were counted to measure 
the island density. Figure 19(a) shows the temperature dependence of the density of 2D 
Ge islands grown on the (5x5) and (7x7) reconstructed 1BL Ge film on the Si(111). In 
the temperature range between 130°C and 430°C the difference in the island density on 
the (5x5) and (7x7) reconstructed film is almost negligible. It means that nucleation of 
2D islands happens with the same frequency on (5x5) and (7x7) surfaces, in spite of the 
large difference in surface morphology (presence of small clusters on (7x7) and almost 
absence of the small clusters on the (5x5) reconstructed areas). 
The density of the small clusters was measured on the defect-free area between 2D 
islands. The temperature dependence of the density of the small Ge clusters on (7x7) 
and (5x5) reconstructed Ge surface is shown in Figure 19(b). As can be seen from the 
figure the densities differ significantly in a wide range of temperatures. The curves in 
the graph are the fits of experimental data by a function, derived from the unified model 
of the coupled growth system of 2D islands and clusters and that be described later. 
The behaviour of the small clusters shows the presence of a saturation in the 
temperature dependence. This saturation is just caused by the limited number of the 
available places for the clusters. One HUC can be occupied only by one cluster. At low 
temperatures all faulted HUCs can be occupied, i.e. the saturation takes place. The 
saturation of cluster densities on the (7x7) and (5x5) reconstructed surfaces is different 
due to the different sizes of the unit-cells. The size of the (5x5) unit cell is almost twice 
smaller than that of unit cell of the (7x7) reconstruction, therefore on the same area one 
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can have two times larger quantity of (5x5) unit-cells than those of (7x7). Thus the 
maximal achievable density of the small clusters is almost two times larger on the (5x5) 
reconstructed surface. 
 
Figure 19. Density of 2D Ge islands (a) and small clusters (b) as a function of growth 
temperature on a (5x5) and the (7x7) reconstructed 1BL Ge film grown on the Si(111). 
Surprisingly the densities of the 2D islands and therefore effective diffusion length 
are very similar on the (7x7) and (5x5) reconstructed surfaces in spite of the fact that the 
densities of the small clusters are very different on these reconstructions. There are two 
potential effects influencing the effective diffusion length: first, the presence of a 
considerable amount of small clusters on the (7x7) reconstructed surface; second, the 
different density of the trenches between the half unit cells on the DAS reconstructed 
surface. When we look at the morphology of the DAS reconstructed (7x7) and (5x5) 
surfaces, they consist of triangular subunits terminated by adatoms, trenches between 
the subunits formed by dimers and the corner holes. The diffusion inside the triangular 
subunits of the DAS reconstruction is easy, while the diffusion from one triangular 
subunit to another (across the trenches formed by the dimers) associated with much 
higher activation barrier [58]. Due to the smaller unit cell of the (5x5) reconstruction the 
density of trenches is larger on this surface and a smaller diffusion length is expected (if 
the barrier for diffusion between sub-unit cells is the same on the (7x7) and (5x5) 
surfaces) due to diffusion over more trenches per unit length on this surface than on the 
(7x7) surface. However, the experiment shows that the effective diffusion length is 
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almost the same (similar 2D island density). To diffuse the same distance on the (7x7) 
and on the (5x5) reconstructed surfaces an adatom has to make more jumps on the (5x5) 
surface. Therefore, the barrier for the diffusion from a HUC to a nearest HUC should be 
smaller on the (5x5) surface3. 
The presence of the small clusters on the surface also could influence the effective 
diffusion over the surface. The influence of the clusters is determined by the interaction 
of adatoms with a cluster. If a cluster does not accept an adatom (energetically 
unfavourable for an adatom to be attached to the cluster), then the presence of the small 
clusters effectively reduces the number of available sites for the diffusing adatoms. The 
inaccessible HUCs produce extra barriers on the surface that would result in the smaller 
effective diffusion length. 
If the clusters act as an attraction places for the adatoms, where the adatoms can be 
trapped for a while, the clusters produce deep potential hole for the adatoms temporarily 
located in a HUC containing a cluster. That would also results in the smaller effective 
diffusion length. However, if the bonding of an adatom with a cluster is weak, the time 
adatom to spend inside of the occupied by a cluster HUC is very short (compare to the 
time inside of an unoccupied HUC). That would results in an easy diffusion over HUCs 
occupied by the small clusters compared to the diffusion over the empty HUCs. Thus 
the effective diffusion length may be larger on a surface with the small clusters. 
The density of the small clusters is found experimentally to be temperature 
dependent. Moreover, the density of the clusters is significantly larger on the (7x7) 
reconstruction compared to the (5x5) reconstruction in the whole range of the 
temperature used in the experiment. At low growth temperatures on the (7x7) surface 
the density of the small clusters is high. The density of the small clusters on the (5x5) 
surface is small for all the temperatures used here. Therefore, if the small clusters affect 
                                                 
3 The atomic structure of the dimer rows is the same on the (5x5) and (7x7) surfaces and one would expect the same 
barrier for diffusion. However, a jump between the HUCs is described by the “effective” barrier, because an atom also 
diffuses a certain time inside of the HUCs. The size of the (7x7) HUC is twice larger than the size of the (5x5) and an 
adatom may stay longer time inside of the (7x7) HUC. It can be the reason of a smaller effective diffusion barrier on 
the (5x5) surface. 
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the effective diffusion length, it should produce a difference in the temperature 
behaviour of the effective diffusion length. The measurement of the 2D island densities 
shows that effective diffusion length is almost the same on the (5x5) and (7x7) surfaces 
for the whole range of temperature. Thus we can conclude that the diffusion of adatoms 
over the HUCs occupied by the clusters is almost the same as over the empty HUCs. 
In summary, the density of the small clusters on the (5x5) reconstructed surface is 
considerably smaller than on the (7x7) surface; the very similar density of 2D islands on 
both the (7x7) and (5x5) reconstructed surfaces indicates on one hand that the effective 
diffusion length on those surfaces is, unexpectedly, the same and on the other hand that 
the diffusion barrier is smaller on the (5x5) surface; moreover, the presence of a small 
cluster inside the HUC does not affect significantly the diffusion of adatoms over this 
HUC. 
4.3.2 Island density on strained and relaxed Ge(111) surfaces 
A deposition rate of 1ML/min, surface temperature of 500°C and coverage of 15ML 
were used to obtain 3D Ge islands with a flat top surface consisting of the (7x7) 
reconstruction. It is known, that these islands are largely strain relaxed [125]. Figure 
20(a) shows a typical STM image of a 3D Ge island after deposition of 0.3ML of Ge. 
There are some defects, like domain boundaries and stacking faults, but it is possible to 
find 3D islands, which have large areas of a non-defected (7x7) reconstructed surface. 
In Figure 20(b) a close view of the same island is presented. Series of experiments with 
deposition of submonolayer Si and Ge on such relaxed Ge surfaces has been performed. 
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Figure 20. STM images of 0.3ML Ge grown at 210°C on a 3D Ge island on the Si(111). (a) - 
7100Åx7100Å. (b) - 1770Åx1770Å. Small clusters and usual 2D islands are present on top of 
the (7x7) reconstructed 3D island. 
Figure 21(a) and (b) show two STM images for the Ge epitaxy on a compressively 
strained 1BL Ge and on a relaxed 3D Ge island, respectively. The image size and the 
growth temperature are the same. The difference in the island density (2D islands) is 
clearly visible. The difference in the visible size of small clusters is related to the tip 
condition. On both surfaces the (7x7) surface reconstruction is present. For a 
quantitative analysis of the effect of the strain on the growth process several series of 
deposition were performed for a range of temperatures. 
Figure 22(a) shows the temperature dependence of the density of 2D Ge islands 
grown on a compressively strained and relaxed Ge surface. In the Ge epitaxy on the 
strained surface the island density increases 4-5 times relative to the relaxed surface. 
In Figure 22(b) the temperature dependence of the small Ge clusters on the strained 
and relaxed Ge (7x7) reconstructed surfaces is shown. The density of the clusters on the 
strained surface is higher than on the relaxed surface qualitatively similar to the 
behaviour of 2D islands. The difference in the case of the small clusters is more 
pronounced (Figure 22(a) and (b)). The size of the small clusters is only several atoms. 
The change of the lattice parameter of the template can have a significant effect on the 
bonding property of the clusters. The small clusters are located inside the reconstruction 
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half unit-cell and use it as a template. On the strained surface the half unit-cell is also 
strained (compressed in our case), and it can change the bonding inside the cluster and 
the bonding of the cluster with the substrate. The small clusters are not crystalline. It 
means that atoms inside the clusters do not form a diamond structure. Therefore, atoms 
inside a small cluster experience some elongation or bending of their bonds initially 
even on an unstrained surface. The applied external 4.2% compressive strain may bend 
the atom bonds even stronger and thus change significantly the bonding of atoms inside 
the cluster. 
 
Figure 21. STM images (880Åx880Å) of Ge islands grown at 160°C on a compressively 
strained  1BL Ge (a), on a relaxed  3D Ge island (b). 
Si 2D islands grown on strained and relaxed Ge surfaces have a reversed their inner 
strain compared to the case of Ge islands. Si islands on a relaxed Ge surface are under 
tensile stress whereas Ge islands are relaxed. The density of Si islands on strained and 
relaxed Ge surfaces ( Figure 23(a)) shows the same trend as for the case of Ge islands,. 
Si 2D islands on a strained Ge surface also have an increased density compared to a 
relaxed Ge surface. The density of the 2D islands is two times larger on the strained Ge 
surface. 
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Figure 22. Density of 2D Ge islands (a) and small clusters (b) on a compressively strained 
and relaxed Ge surface. 
The temperature dependence of the small Si clusters on the strained and relaxed Ge 
(7x7) reconstructed surfaces is shown on the Figure 23(b). The density of the clusters 
changes with temperature, however, the increase of the density with decreasing 
temperature is different. On the strained Ge surface the change of the density is more 
considerable than on the relaxed Ge surface. 
The overall change of the island densities both for the 2D islands and the small 
clusters on a strained surface can be the result of several effects. First, the diffusion 
barrier can be different on the strained and relaxed surfaces. The increase of the 
diffusion barrier leads to increase of the density of 2D islands and clusters. If the 
diffusion barrier on the strained surface is higher, the densities should be higher. It is in 
qualitative agreement with the case of Ge deposition, where the 2D island and cluster 
density is higher on the strained surface. For Si deposition the density of the 2D islands 
is also higher on the strained surface. However, the density of the small clusters is 
higher only at low temperatures. Therefore the change in the diffusion barrier is not 
only the effect responsible for the different island density. 
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Figure 23. Density of 2D Si islands (a) and Si small clusters (b) grown on a compressively 
strained and a relaxed Ge surface. 
A second effect, which changes the island densities on strained surfaces, is a 
modification of the bonding inside the strained islands. 2D Ge islands on a strained Ge 
surface are under strong compressive stress. Therefore, it is easier for atoms to detach 
from such a stressed island than from a non-strained island. It means that the lateral 
bonding energy for atoms in a stressed island (and finally the energy of the island) is 
lower compared to an island on a relaxed surface. The lowering of the island energy 
should lead to a decrease of the resulting island density on a strained Ge surface. The 
experiment shows the opposite behaviour. On the compressively strained surface the 
island density increases. Therefore, the change of the binding energy inside the 2D 
islands with strain has to be a minor effect. 
The atomic structure of the clusters is unknown, therefore it is not clear what kind of 
stress the small clusters experience when the surface is under strain. If on the unstrained 
surface the atoms inside a cluster experience an elongation or bending of their bonds, 
the change of the template by the external strain may bend the atom bonds either more 
or move the atoms to a positions which are more close to a diamond structure. 
Therefore, an intuitive conclusion that the 2D islands and the small clusters experience 
the same sign of strain cannot be applied without extra arguments. 
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To nucleate a 2D island the faulted part of the substrate unit cell has to be converted 
to the normal stacking. This process requires some energy, and the strain can also 
change this energy. That results in a third effect, which can be responsible for the 
different densities on the strained and relaxed surfaces. The lower the energy for the 
conversion of the faulted part to the normal stacking is, the easier to nucleate the 2D 
islands. However, it is also unknown how the applied strain changes this energy. 
Therefore it is difficult to make a conclusion about the influence of this effect on the 
observed difference of the island densities. 
4.3.3 Strained and relaxed Si(111) surfaces 
Several attempts to prepare a strained Si surface have been performed, in order to 
study the effect of tensile the strain on the growth. The clean Si substrate is a perfect 
candidate for an unstrained Si template. It has huge areas of the defect-free (7x7) 
reconstruction and can be prepared easily. As a template for a strained Si surface a Si 
film grown on the flat top of the relaxed Ge 3D islands can be used. The resulting Si 
film has to contain areas of the defect-free reconstruction large enough for the 
consequent experiments with submonolayer deposition. Therefore the temperature of 
the Si deposition has to be high enough to prevent formation of the surface defects. On 
the other hand the temperature should not be high in order to avoid the intermixing of Si 
and Ge. Several experiments with variety of growth temperature and film thickness 
were performed where Si was deposited on the surface containing the 3D Ge islands in 
order to obtain a smooth tensile strained Si film on the 3D Ge island. However, due to 
the significant tensile stress the Si film formed a surface reconstruction different from 
either the (7x7) or the (5x5). 
Figure 24(a) shows the typical surface morphology of a 2BL Si film on top of a 3D 
Ge island. The Si film has a random net of trenches formed by rows of missing atoms. 
In between these trenches domains of various reconstructions are observed. The 
trenches allow to relax the film partly. The rows of missing atoms seem to form a 
barrier for the diffusing adatoms. The experiments with subsequent deposition of a 
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submonolayer coverage of Si show that location of the nucleated islands strongly 
correlates with the location of the trenches Figure 24(b). The islands nucleate 
preferentially in the areas between the trenches of missing atoms. 
 
Figure 24. STM images of (a) 2BL thick Si film grown on a 3D Ge island at 540°C  and (b) 
Si islands grown at 350°C on the surface shown on image (a). The size of the scanned area is 
(443Åx443Å), (1330Åx1330Å) respectively. 
One approach to prevent the formation of trenches is to grow GexSi1-x alloys to 
produce 3D islands, which have less lattice mismatch with Si substrate. Silicon thin film 
grown on top of such 3D islands will be less strained compared to Si film on the top of a 
pure Ge 3D island and may have a (7x7) reconstruction. 
4.3.4 Island density for different materials 
The diffusion barrier or the probability for an adatom to jump to the next adsorption 
site is defined by the interaction between diffusing species and the surface. The 
diffusion is a complicated process, because it consists of a cooperative process of 
several atoms. The potential energy surface for a surface diffusion process depends on 
the atom used as a diffusing probe species and on the substrate material. The 
measurements of the island density were performed to clarify the relation between 
diffusion and the material (Si or Ge) used as the diffusing species and Si or Ge used as 
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substrate material. Figure 25(a) presents the Si and Ge island densities in an Arrhenius 
plot after submonolayer growth on the Si(111)-(7x7) and on top of relaxed 3D Ge 
islands. A strong material dependence of the island densities is clearly visible. In Figure 
25(c) the different material combinations are sketched schematically. Si 2D islands on 
the Si substrate (1) have the highest density, whereas Ge 2D islands on Ge (4) reveal the 
lowest island density. The difference between those two cases is about two orders of 
magnitude. 
If the substrate material remains the same and the deposited element changes from Si 
to Ge by going from material combination (1) to (2), or from (3) to (4) in Figure 25, in 
both cases the island densities decrease that shows an increase of the effective diffusion 
length of Ge atoms on those surfaces compared to the diffusion length of Si atoms. The 
2D island densities increase by a factor of about 2-3 by changing the diffusing species 
from Si to Ge. 
If the substrate material changes and the deposited element is the same by going 
from material combination (1) to (3), and from (2) to (4) in Figure 25(a), the island 
density decreases about one order of the magnitude in both cases. It shows, that the 
influence of the substrate material on the diffusion length is much stronger, than the 
influence of the diffusing species. Again the effective diffusion length increases when 
Si is replaced by Ge (as substrate material in this case). 
The temperature behaviour of the density of small clusters for combination of Si and 
Ge as a substrate and deposited material is shown in Figure 25(b). The densities of the 
small clusters show qualitatively different  trend in the behaviour depending on the 
material compared to the 2D islands (Figure 25(a)). The temperature dependencies of 
the cluster densities for the different combination intersect. Such a complicated 
behaviour of the density of small clusters indicates that the change of the diffusion 
barrier only or the change of the chemical element specific can not explain the observed 
behaviour and another relevant mechanisms have to be considered. 
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Figure 25. The densities of 2D islands (a) and small clusters (b) as functions of temperature 
for different combinations of Si and Ge epitaxy as a deposited material and substrate 
presented in sketch (c). The number at each curve corresponds to the number on the sketch. 
Summarizing the results, the effective diffusion length increases when Si is replaced 
by Ge as deposited material or as substrate material. The influence of the substrate 
material on the diffusion length is much stronger (factor of 10 in the island density) than 
the influence of the adsorbed material (factor of 2-3). 
4.4 Analysis of the experimental observations 
The standard nucleation theory proposed by Venables [12-14] does not consider the 
presence of small cluster on the surface. However, the experimental observations show 
that small clusters and 2D islands form a coupled system. Small clusters play important 
role in the evolution of the system. The material arrived to the surface is redistributed 
between clusters and 2D islands. Therefore the application of the standard theory to the 
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description of the growth on the (7x7) reconstructed surface is unjustified and additional 
conditions have to be taken into account. 
In order to describe the experimental measurements carried out on the (7x7) surface a 
model with the unified treatment of clusters and 2D islands was developed. In the next 
chapters the detail description of the model and its mathematical formulation will be 
given. 
4.4.1 Model of nucleation and growth on DAS reconstructed 
surfaces 
As already mentioned before two types of islands are present on the (7x7) and (5x5) 
reconstructed surfaces after submonolayer deposition: usual 2D islands and small 
clusters (Figure 26(a)). The small clusters have a size smaller than a half unit cell of the 
surface reconstruction and do not have crystalline structure. The 2D islands have a size 
of several reconstruction unit-cells and (usually) reproduce the DAS structure of the 
substrate. The density of Ge and Si small clusters was measured on various substrates as 
a function of temperature. It is found that the density of the small clusters varies with 
the deposition temperature. At low growth temperatures the clusters occupy a 
significant part of the surface. 
 
Figure 26. Rendered STM image of the top of 3D Ge island after deposition of Ge at 160°C 
(a). Two types of objects are present: 2D islands and small clusters. Close view of the Ge 
small clusters on the Ge(111)-(7x7) surface (b). 
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The density of the clusters at a certain temperature also significantly differs on (7x7) 
and (5x5) reconstructed surfaces. It is shown in the section 4.3.1, that the density of 2D 
island is nearly the same on the (7x7) and (5x5) reconstructed surfaces, while the 
density of the small clusters differs greatly. The low temperature deposition experiments 
(below 100°C) performed by Asaoka et al. [127] show extremely high density of small 
clusters on both reconstructions. If the amount of a deposited material is small, only 
small clusters are observed on the surface and no 2D islands are present. Annealing of 
this structure at higher temperature (400 - 500°C) transfers the material from the small 
clusters into 2D islands. This effect allows to make an estimate of the number of atoms 
inside the clusters by measuring the amount of the material in the 2D islands after 
annealing. Moreover, one can conclude that it is energetically more preferable for atoms 
to stay in the 2D island rather in the small cluster, that makes those small clusters 
unstable at high temperatures (more close to equilibrium). The bonding inside the 
clusters defines the cluster lifetime. If the deposition time is smaller than the lifetime of 
the clusters, the decay rate of clusters during growth is negligible, and at the end of the 
growth all clusters formed during deposition survive. The quenching time after growth 
is even shorter than the growth time, therefore the effect of cooling of the sample also 
should not change the number of the clusters on the surface. If the lifetime of the 
clusters is similar or shorter than the deposition time, the decay of the clusters has to be 
considered. When the lifetime of the clusters is significantly shorter than the deposition 
time, the events of cluster formation and decay are frequent and the clusters are in the 
equilibrium with the free adatom gas. In this case the density of the clusters is defined 
by the adatom concentration and the clusters energy. 
Experimental observations presented in the literature allow to consider the small 
clusters as stable objects. The characteristic growth rate used in our experiments is 1 
ML/min, the coverage 0.3 ML, that corresponds to a deposition time of 18 seconds. In 
Ref. [128] by using STM authors observed small Si clusters at the temperature of 
450°C. They found that clusters stay in one HUC during the time up to 200 seconds. My 
experiments were performed in the temperature range from 200 to 500°C. Thus one can 
assume that in my experiments during the time of deposition the small clusters are 
stable. 
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To explain the temperature dependence of the density of both the 2D islands and the 
small clusters a model of the growth on the (7x7) reconstructed surface is proposed 
where clusters and 2D islands coexist. The model describes the evolution of an 
ensemble of the small clusters and the 2D islands on the DAS reconstructed surface and 
is in agreement with the experimental observations of the growth on the Si(111)-(7x7) 
performed by Tochihara and Shimada [46]. 
In Figure 27 the model is explained by sketching the evolution of a small cluster on 
the DAS reconstructed surface. At the beginning of the growth the adatom 
concentration is small and adatoms diffuse freely over the surface. The diffusion inside 
of a HUC is significantly faster than from one HUC to another, therefore the jump from 
one HUC to a nearest can be considered as a single diffusion event. If several adatoms 
meet each other in one HUC they form a cluster. Here we define the cluster as a 
conglomeration of at least ( 1+k ) atoms simultaneously present in a reconstruction half-
unit cell, the atoms are bonded to each other and form a relatively stable structure. So k  
atoms do not form the stable structure and those atoms diffuse inside the HUC with only 
weak interactions between each other (a). If an atom jumps to a HUC, which already 
contains k  atoms, it interconnects those atoms and they form the cluster of size ( 1+k ) 
(b). The number of atoms k  is an analogue of the critical island size in the Venables 
theory of nucleation. The newly formed small cluster now acts as a sink for the free 
adatoms. The cluster grows further relatively quick before it reaches some limiting size 
j  (c). This limiting size represents the fact of a limited capacity of a HUC. The 
attachment of more atoms to the clusters of a size j  is possible but they do not form 
strong bonds with the cluster (d) and therefore can easily detach from the cluster (g). 
After a new small cluster has formed it can decay after some time, transform into the 
stable 2D island, or survive until the end of growth. The lifetime of the small clusters is 
longer than the characteristic growth times therefore the decay rate of the clusters is 
small and will not be considered. 
At further deposition, the density of small clusters increases. Some of the existing 
clusters can transform into 2D islands. The small clusters mostly locate in the faulted 
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HUCs and do not change the structure of the surface whereas the 2D islands change the 
structure of the underlying surface from the DAS to the bulk structure. Therefore, 
transition of the cluster into a 2D island requires rearrangement of atoms in the 
underlying layer. This transition is a thermally activated process with the activation 
energy 77×E . The diffusing adatoms can meet a cluster on their way. The clusters can 
trap adatoms for a while. If several adatoms at once have attached to a cluster, they can 
initiate the breaking of the faulted underlying stacking. Here we define the mechanism 
of 2D island nucleation as the attachment of i  additional atoms to the cluster of size j  
and rearrangement of the underlying faulted HUC to the normal stacking (e). It is not 
necessary for aggregate of ij +  atoms (plus 6 adatoms of the DAS reconstruction) to 
have the DAS structure. It is important that the attachment of new atoms occurs 
relatively easy without overcoming of any significant barrier. Therefore, a subsequent 
attachment of atoms transforms this aggregate to a DAS structure. 
 
Figure 27. The evolution of a small cluster during growth: (a) random meeting of the 
diffusing adatoms, (b) formation of the stable cluster with (k+1) atoms, (c) growth of the 
cluster to some maximal size j, (d) weak attachment of the adatoms to the cluster of maximal 
size, (e) formation of the 2D nucleus by attachment of i atoms to the cluster of size j and 
conversion of the faulted HUC to normal stacking, (f) 2D island growth, (g) detachment of 
weakly bonded adatoms, (h) preservation of the small cluster. 
As the 2D island has been nucleated, it acts as a good sink for adatoms. Unlike the 
small clusters, this 2D island does not have a limit in size and can grow. The growth of 
the 2D island occurs by attachment of atoms to the island edges. The advance of the 
island edge by growth also requires the conversion of the underlying surface 
reconstruction to the bulk structure. To grow one UC of the (7x7) reconstruction it is 
necessary to attach 98 atoms and to change the structure of the underlying faulted HUC. 
When the faulted HUC has been converted, the attachment of atoms to the growing UC 
Analysis of the experimental observations 67
is easy and the growth goes relatively faster until the faulted and unfaulted HUCs of one 
unit cell are completely filled. Therefore, the attachment of a single atom can be 
effectively described as an attachment to an edge, where some extra barrier for 
attachment has to be overcome. 
Finally, after submonolayer deposition two kinds of objects are present on the 
surface – the small clusters (h) and the 2D islands (f). The ratio between their densities 
at a particular temperature and flux depends on the energetic parameters of those objects 
and can be derived by solving differential rate equations. 
Note, that in the present model the long-range interaction between single adatoms is 
not considered. Such the long-range interaction mediated by the electrons in the two-
dimensional surface-state band was observed on metal surfaces. The characteristic 
energy of such interaction for copper adatoms on Cu(111) is found to be about 5 meV 
[129]. For noble metals with low diffusion barrier (40 meV for Cu on Cu(111)) such 
weak interaction may affect the growth at low temperature (room temperature and 
below). In the case of semiconductors Si and Ge the typical diffusion energy barriers 
significantly larger (around 1 eV) therefore the weak long-range interaction between 
adatoms can not produce any significant influence on the adatom diffusion over the Si 
or Ge surface at typical growth temperatures (300-500 ºC). 
4.4.2 Mathematical formulation of the model 
The formation of the small clusters happens in the same way as the formation of the 
critical nucleus in the Venables theory, where to form a stable structure it is necessary to 
add one atom to an object of a critical size. The formation of a new small cluster can 
happen only inside an unoccupied HUC. Therefore, at a density of the small clusters m , 
the rate of nucleation of the new clusters is just the rate of nucleation of the islands in 
the Venables model (equation (4)) multiplied by factor ( m−1 ). This factor makes the 
correction that takes into account the limited number of available unit cells. The change 
of the cluster density with time occurs by the nucleation of new clusters, by coalescence 
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of the small clusters with the 2D islands (C) and by transition of the clusters into the 2D 
islands ( dtdN D2 ): 
dt
dNC
kT
EDnm
dt
dm Dkk
k
21
1 )exp()1( −−×−= +σ
. (8) 
Here kσ  is the capture number of the critical small cluster, D is the diffusion constant, 
1n  is the density of adatoms, kE  is the energy of the cluster of size k
4. 
The nucleation rate of the 2D islands is proportional to the density of the stable small 
clusters. The attachment of i  atoms to the small cluster converts it to an island. The 
system gains the energy iE . However, the barrier for the transformation of the 
underlying reconstruction has to be overcome. So the nucleation rate of 2D islands can 
be written as: 
)exp( 7712 kT
EEDmn
dt
dN ii
i
D ×−= σ
, (9) 
where 77×E is the barrier for the transformation of the underlying faulted (7x7) HUC to 
the bulk structure. 
The change of the adatom density occurs by the arrival of atoms from the flux (F) , 
by
 the formation of the small clusters and their fast growth to the size j , by the 
nucleation of 2D islands (by attachment of i  atoms to the small cluster), and by the 
growth of the stable 2D islands. So the change of the adatom density with time can be 
described by as follows: 
dt
dmj
dt
dNiNDnF
dt
dn D
D −−−= 2211 σ
. (10) 
                                                 
4 In the following equations the symbol k  plays double role: the critical cluster size and the Boltzman constant. 
Every time when k  is in the combination with the temperature ( kT ) it has the meaning of the Boltzman constant. In 
the other case k  has to be considered as an integer number. 
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The set of equations (8), (9), and (10) completely describes the behaviour of the system 
consisting of small clusters, 2D islands, and adatoms. 
At the stage of growth when 2D islands have already nucleated, the growth occurs 
mainly by incorporation of deposited adatoms into stable 2D islands. The number of 
atoms participating in the nucleation of small clusters and new 2D islands is small 
compared to the atoms incorporating into already existing 2D islands. So the situation is 
close to a steady state regime when all the atoms arriving on the surface incorporate into 
the 2D islands. At this stage of growth the expression for the adatom density can be 
obtained directly from (10). The change of n1, N2D, and m is small and their derivative 
are close to zero. The nonzero terms in (10) give: 
DDNFn 21 σ≈  (11) 
When the density of the small clusters is small ( 1<<m ) the set of equations (8), (9), 
and (11) can be solved analytically (see the appendix A and B). The solution shows that 
the temperature dependence of the 2D island density and the density of small clusters 
both have an Arrhenius behaviour: ⎟⎠
⎞⎜⎝
⎛=
kT
ENTN DD 202 exp)( , ⎟⎠
⎞⎜⎝
⎛=
kT
EmTm mexp)( 0 . The 
effective energies for 2D islands DE2  and small clusters mE  depend on the details of the 
adatom attachment to the island edge. At the absence of an extra barrier for attachment 
one has: 
)2(
)1( 77
2 ++
−++−+= ×
ki
EEEEkiE ikdD , (12) 
2
))(1()1()12( 77
++
−+−+++−= ×
ki
EEkEiEikE ikdm . (13) 
The growth of a 2D island requires the rearrangement of atoms in the faulted HUCs 
in the substrate adjacent to the island. The stacking fault in the substrate has to be lifted; 
therefore the attachment can be described as an attachment with some effective barrier. 
The effect of an extra barrier to attachment to the step edges leads to a modification of 
the average capture number σ of the stable islands and to a dependence of σ  on the 
Growth kinetics and island density 70 
island size. This modification was taken into account by Kandel [33]. By solving the 
diffusion equation for a circular island he derived the expression for the average adatom 
density n  when a barrier for attachment is present: 
DD ND
SD
S
F
ND
Fn
22
1
2
1
2
3ln
4 πθθπ
−+⎟⎠
⎞⎜⎝
⎛ −−≈ . (14) 
Here θ  is the coverage, ( )kTEDS b−= exp , bE  is the additional energy barrier for 
attachment of atoms to the edge of a stable island. 
If the barrier for attachment is significant ( ( ) 1exp >>kTEb ) at this stage of growth 
the adatom density can be written from (14) as: 
⎟⎠
⎞⎜⎝
⎛≈
kT
E
ND
Fn b
D
exp1
2 2
1 πθ . (15) 
In this case, the set of equations (8), (9), and (15) also can be solved analytically for 
1<<m . The temperature behaviour has again an Arrhenius dependence with effective 
energies (the derivation of these equations is shown in the appendix B). 
)3(
)1()1(2 772 ++
+++−++−+= ×
ki
EkiEEEEkiE bikdD , (16) 
3
)1(2))(1()2()13( 77
++
++−+−+++−= ×
ki
EkEEkEiEikE bikdm . (17) 
Apart from these solutions for the case 1<<m  the differential equation for the 
density of small clusters (8) can be solved for an arbitrary value of m under certain 
conditions. At the stage of growth when the nucleation of new islands and clusters is 
small (steady state regime), the characteristic temperature behaviour of the small 
clusters can be obtained by integration of (8). For a coverage when the coalescence is 
not yet significant and under the assumption that the density of the clusters is 
significantly higher than the density of 2D islands one can neglect the last two terms in 
the right side of (8): 
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)exp()1( 11 kTEDnmdt
dm
k
k
k
+−= σ
. (18) 
After separation of the temperature dependence and the time dependence (18) can be 
written as: 
( ) )(exp)1( tgkTEm
dt
dm
m ××−= ∗
. (19) 
Here )(tg  is some temperature independent function, and ∗mE  is some effective energy. 
Integration of (19) gives: ( )∫∗−=−
t
m dttgkTEm )(exp)1ln( . And the temperature 
dependent expression for the cluster density is: 
( )( )kTECm m∗−−= expexp1  (20) 
The explicit derivation of (18)-(20) gives exactly the value for mm EE =∗  in (13) and 
(17) obtained before for the cases of no barrier for attachment and with the barrier 
correspondingly (see the appendix C). 
For 1<<m  from (20) we have: ( )kTECm m∗= exp , (21) 
that is also in agreement with the previously obtained result in the limit 1<<m  where 
the density of small clusters has an Arrhenius behaviour (21). 
The experiment shows that the density of 2D islands well obeys an Arrhenius 
behaviour ( )kTEN DD 22 exp∝ . The energy DE2  is a slope of the linear fit of the island 
density in the Arrhenius coordinates. The energy mE  can be obtained by fitting the 
temperature dependence of the density of small clusters by function (20). The 
temperature dependence of the density of small clusters (20) is in the good 
correspondence with the experimentally observed behaviour of the cluster density (that 
can be seen in Figure 19(b), Figure 22(b), Figure 23(b), Figure 25(b)) and reflects 
general tendency of the system with limited number of occupation sites. The obtained 
values of DE2  and mE are presented in the table: 
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Material E2D(eV) ±(%) Em(eV) ±(%) Ed(eV) ±(eV) 
Si on Si(111)-(7x7) 0.56 2 0.12 6 1.24 0.03 
Ge on Si(111)-(7x7) 0.52 1.5 0.20 12 1.24 0.04 
Si on Ge(111)-(7x7) (3D Ge island) 0.51 5 0.15 6 1.17 0.06 
Ge on Ge(111)-(7x7) (3D Ge island) 0.45 5 0.31 10 1.21 0.08 
Si on Ge(111)-(7x7) (1BL Ge film) 0.40 7 0.34 27 1.14 0.14 
Ge on Ge(111)-(7x7) (1BL Ge film) 0.47 6 0.20 15 1.14 0.08 
Ge on Ge(111)-(5x5) (1BL Ge film) 0.46 4 0.15 3 1.07 0.04 
Si on Ge(111)-(5x5) (wetting layer) -- -- 0.31 10 -- -- 
Ge on Ge(111)-(5x5) (wetting layer) 0.42 4 0.22 6 1.06 0.05 
Table 3. The values of the characteristic energies for the nucleation of 2D islands and small 
clusters for the different Si-Ge material combinations and substrate structures. 
4.4.3 Comparison with the experimental data for Si/Si(111) 
While the measurements of the effective energies have been performed for several 
material combinations, we start the detailed comparison with the experimental data for 
the system Si/Si(111)-(7x7). Using the experimental values for DE2  and mE  the sets of 
equations (12,13) and (16,17) were analyzed for possible solutions. The number of the 
equations is two, while the number of variables is more than two ( 77,,,,, ×EEEEki bki ). 
Therefore, the equations cannot be solved uniquely. However, there are several 
restrictions on the values, which those parameters can have. The numbers i  and k  can 
have only integer values starting from one; the energies 77,,, ×EEEE bki  must have 
positive values. The diffusion barrier dE  for Si on the Si(111)-(7x7) according to the 
literature is in the range (0.9-1.5 eV) [32, 56, 57, 58]. On the basis of these conditions it 
was found that in the case of the strong barrier to attachment to the island edge for Si on 
Si(111)-(7x7) surface no solution of the equations (16) and (17) satisfy the restrictions 
mentioned above(shown in the appendix D). Therefore, the assumption of a significant 
barrier to attachment results in a prediction incompatible with the experimental results. 
Thus, we can conclude that an effective barrier for incorporation is small. 
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The equations (12, 13) obtained for the case of absence of the barrier fit to the 
experimental values for several combinations of the parameters. However, to fulfil (12, 
13) the critical cluster size k must be equal to one, otherwise no solutions can be found 
with the experimentally measured values of DE2 , mE  and reasonable choice of the other 
parameters. The fact that k  is equal to one means that if two atoms meet each other in 
one unit cell they form a cluster. Such a small size of the critical cluster has an indirect 
support by Ref. [72] where authors observed the formation of the tetramers by only two 
extra atoms. However, those tetramers were observed at low temperatures and they are 
located between faulted and un-faulted HUCs; therefore this observation cannot be the 
direct prove of the small critical cluster size. 
The critical cluster size equal to one ( 1=k ) means also that there is no energy 
difference for an atom in a critical cluster and in an adsorbed place, therefore the free 
energy of the critical cluster (of size one) is equal to zero: 0=kE . The barrier to 
attachment bE  is small and the equations (12,13) can be simplified: 
3
)( 77
2 +
−−= ×
i
EEiEE idD ; 3
)(2)3( 77
+
−+−= ×
i
EEEiE idm . (22) 
From (22) the diffusion energy can be written as: ( )mDd EEE += 22 . (23) 
Thus the diffusion energy can be deduced directly from the experimentally measured 
values of DE2  and mE . For Si on the Si(111)-(7x7) surface one has 24.1=dE eV. The 
calculated values of the diffusion energy for different cases are presented in the Table 3. 
The difference ( iEE −×77 ) depends on the value of i : 
Dmi EiiEEE 277 )3( −+=−×  (24) 
The energy iE  is the energy gain, when i  atoms attach to the cluster, and should 
increase with the number of attached atoms; approximately iE  can be written as εi , 
where ε  is the energy gain for one atom. From (22) the expression for ε  is the 
following: 
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( ) iiEEiE mD −−−= × 277 )3(ε  (25) 
The value of 77×E  was estimated by a comparison of experimental data with Kinetic 
Monte-Carlo simulation [34]. The results of the simulation gave the best fit to the 
experimental data for * 77×E =2.6eV. This value is comparable with the experimentally 
measured energy of 4.28·10-3 eV/Å2 (2.2 eV/UC) [130]. The requirement of a positive 
value of ε  gives the upper limit for the value of i . The range of possible values for i  is 
from 1 to 4, which corresponds to a change in ε  from 2.2 eV to 0.02 eV, respectively 
(at * 77×E =2.6eV). Additional arguments allow to exclude i=1 and 4: the energy gain of 
one atom should be small compared to the bond strength because an adatom can attach 
to the cluster of maximal size only weakly. On the other hand the energy gain should be 
significant in order to be trapped for a while. Thus the value of i  can be 2 or 3, which 
corresponds to ε =0.7 eV and 0.3 eV, respectively. 
In Figure 28 the qualitative behaviour of the solution of the set of differential 
equations (8)-(10) is shown for different temperatures5. For the numerical solution the 
following energetic parameters were used6: 2.1=dE eV, 1=k , 2=i , 
1.077 =−× iEE eV. The attempt frequency 0ν  was chosen to be 1013 s-1; all the capture 
numbers were set to one and coalescence was not considered. 
The adatom concentration increases at the beginning of growth until the nucleation 
of the 2D islands and clusters starts. When a significant amount of the 2D islands have 
been nucleated (beyond a coverage of ~10%) the majority of the atoms arriving from 
the flux incorporate into existing 2D islands, while the events of formation of the new 
clusters and their transformation to the islands become rare. The fast incorporation of 
the adatoms into the 2D islands decreases the adatom density. This adatom 
concentration is already not enough for the nucleation of the new clusters and islands 
                                                 
5 The solution was obtained by the numerical integration using 5-order Runge-Kutta-Fehlberg method for set of 
ordinary differential equation with defined initial conditions. 
6 The experimentally measured stacking fault energy * 77×E  in our definition corresponds to 77
*
77 ×× += EEE d . 
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and the saturation of the densities of the clusters and islands is observed. No decay of 
the small clusters is allowed in the model. Therefore, the smaller density of the clusters 
at high temperature is not the feature of an instability of the clusters but the result of the 
competition for the adatoms between the 2D islands and the small clusters. 
At the beginning of the growth only the small clusters are present on the surface. 
Further deposition increases the density of the clusters and some of the clusters start to 
convert to the 2D islands. As soon the 2D islands have been formed the main part of 
arriving atoms incorporate into the 2D islands. Thus, the density of the clusters is 
determined by the time interval from the beginning of the growth till the moment when 
the 2D islands appear on the surface. At lower temperatures it is more “difficult” to 
break the stacking fault due to the lower thermal energy of adatoms, therefore the 
appearance of the 2D islands is delayed compared to the growth at higher temperature. 
Thereby at lower temperatures more of the deposited material goes into the small 
clusters and larger density of the small clusters is observed. 
 
Figure 28. Evolution of the single adatom density (n1), 2D island density (N2D), and density 
of small clusters (m) as a function of the coverage for different temperatures. 
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4.4.4 Surface diffusion barrier 
The activation energy of the surface diffusion can be directly determined from the 
effective energies of the temperature behaviour of 2D islands and small clusters by 
using equation (23). The result of the calculation for Si and Ge deposition on different 
substrates is shown in the Table 3. Depending on a particular substrate and a deposited 
material a trend in the diffusion energy can be found in the table. 
First, the diffusion energies are similar for Si and Ge as a deposited species on all the 
templates. A similar bond structure of Si and Ge atoms seems to be the reason of the 
observed similarity in the diffusion energies. Second, the activation energy of surface 
diffusion is smaller on the (5x5) surface. The reasons of this observation will be 
discussed in the next chapter. The values of Ed on strained and relaxed Ge surface show 
a tendency to be smaller on the strained surface both for Si and Ge. However, the 
absolute values of these energies are similar within a precision of the determination 
method. A change of the substrate from Si to Ge also shows a tendency for the diffusion 
barrier to be smaller on the Ge surface both for Si and Ge deposition. But again, strictly 
speaking, the energies are similar within the precision of the method. 
4.4.5 Comparison of the growth on (5x5) and (7x7) surfaces 
The temperature dependence of the density of 2D Ge islands and the density of small 
clusters on the (7x7) and (5x5) reconstructed areas of Ge 1BL film grown on Si(111) is 
shown in Figure 19(a) and (b). As can be seen from this figure the densities of the 2D 
islands on two reconstructions are almost the same, whereas the densities of the small 
clusters on different reconstructions differ significantly in a wide range of temperatures. 
The comparable density of the 2D islands shows that the effective diffusion length is the 
same. For an atom on the (5x5) surface it is necessary to make more jumps than on the 
(7x7) reconstructed surface to travel the same distance. The obtained values of the 
activation energy for the surface diffusion show that dE  is slightly smaller on the (5x5) 
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reconstruction than on the (7x7) reconstruction (1.07 eV and 1.14 eV, respectively). It 
explains the observed effect of the same value for the effective diffusion length. 
While the densities of the 2D islands on the (5x5) surface and on the (7x7) surface 
are the same, the densities of the small clusters differ greatly. Two atoms form a stable 
cluster inside a (7x7) HUC. The atomic structures of the substrate inside of the (5x5) 
and (7x7) are very similar. Therefore, the small clusters on the (5x5) surface are also 
expected to be stable at the growth condition used in the experiments and their small 
density is not related to an instability at higher temperatures. The reason of the 
significantly smaller cluster density on the (5x5) surface compared to the cluster density 
on the (7x7) surface is the competition for the diffusing adatoms between 2D islands 
and clusters. The size of the (7x7) UC is two times larger than the size of the (5x5) UC. 
Therefore, the nucleation of a 2D island requires rearrangement of a larger number of 
atoms in the faulted (7x7) HUC. This means the energy barrier to convert the faulted 
stacking in the UC to the normal one is larger on the (7x7) surface ( 5577 ×× > EE ). The 
larger barrier on the (7x7) reconstructed surface suppresses the conversion of the 
clusters into the 2D islands and the material arriving on the surface accommodates in 
small clusters. On the (5x5) surface the barrier 55×E  is smaller, therefore from the 
beginning the clusters transform easily into 2D islands. The early nucleated 2D islands 
absorb the diffusing adatoms from the surrounding areas thus suppressing the formation 
of the clusters. 
In summary: The barrier for a diffusion jump from one HUC to another is smaller on 
the (5x5) reconstructed surface. The effective diffusion length is the same (the same 2D 
island density). The difference in the energy barrier for the conversion of a faulted HUC 
to the normal stacking results in the large difference of the densities of the small clusters 
on the (5x5) and (7x7) reconstructed surfaces. 
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4.4.6 Growth on strained and relaxed surfaces 
The temperature dependence of the density of 2D Ge islands and small clusters on 
strained and relaxed Ge (7x7) reconstructed surfaces is shown in Figure 22(a) and (b), 
respectively. The density of the 2D islands and the small clusters both are higher on the 
strained surface. 
The presence of strain can potentially change all the parameters: i, Ei, Ed, and 77×E . 
Therefore, it is difficult to assign the change in the measured densities only to the 
change of one parameter. However, comparing the data for Si and Ge on strained and 
relaxed surfaces it is possible to make a qualitative assignment due to the different sign 
of the strain that the Si and Ge islands experience on the template surfaces. The 
densities of Si 2D islands and small clusters as the functions of temperature on a 
compressively strained and a relaxed Ge surface are shown in Figure 23(a) and (b), 
respectively. The density of the Si 2D islands is again higher on the compressively 
strained Ge surface. 
The temperature behavior of the densities of the 2D islands and the small clusters on 
the strained and relaxed surfaces were qualitatively described in section 4.3.3. Here the 
analysis of the observed behavior is performed in terms of the obtained effective 
energies and the parameters, which change these energies. Using the experimental data 
presented in Table 3 a tendency in the change of the effective energies DE2  and mE  on 
strained and relaxed surfaces can be seen. For Ge deposition the value of DE2  increases 
while the value of mE  decreases when the template substrate changes from the relaxed 
Ge to the strained Ge surface. Deposition of Si reveals an inverse change of the 
effective energies on the same templates: DE2  decreases while mE  increases when the 
template changes from the relaxed Ge to strained Ge. Such variation of the effective 
energies on the strained and relaxed surfaces indicates that DE2  and mE  change under 
strain in opposite directions (when one increases the other decreases, and reverse) and 
that the sign of the change depends on the deposited material Si or Ge. 
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A variation of the effective energies DE2  and mE  changes the corresponding island 
and cluster densities. However, a modification of the pre-exponential factor may also 
change the resulting densities. In the following, the experimentally measured densities 
are explained in terms of the effective energies, which influence the densities 
exponentially. If the experimental finding cannot be explained in terms of energies, the 
reason of a possible change of the pre-exponential factors is discussed. The effective 
energies of the temperature behaviour are determined by equations (22), which also can 
be written as: 
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By analyzing the change of the effective energies under the applied compressive 
strain from the experimental data it is possible to clarify which parameters in (26) are 
most affected by the strain. 
The surface diffusion energies for Ge and Si extracted from the fitting give the same 
value (within the accuracy) on the strained and relaxed surface (Ed=1.14 eV and 
Ed=1.21 eV for Ge atoms, Ed=1.14 eV and Ed=1.17 eV for Si atoms on strained and 
relaxed surfaces, respectively). Moreover, a change of the diffusion energy should 
modify the effective energies DE2  and mE  in the same way (either increase or decrease) 
(cf. (26)), while the experiment shows the opposite trend. Therefore, the change of the 
diffusion barrier on the strained surface has a minor effect on the DE2 , mE , and 
resulting densities. Therefore, another possible mechanism has to be considered. 
The change of the energy for the conversion of the faulted HUC to the normal 
stacking 77×E  with strain is not obvious. However, it is known that under applied 
compressive strain the (5x5) reconstruction is energetically more favourable than the 
(7x7) reconstruction [106]. Thus a difference in 77×E  may exist on strained and relaxed 
surfaces. However, the change of 77×E  with strain should not depend on the deposited 
material since the atom stacking in the faulted half of the substrate layer has to be 
rearranged. Therefore, the change of DE2  should have the same direction for Si and Ge 
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when we go from the deposition on the relaxed layer to the deposition on the strained 
layer. However, the experiments show a different trend. The sign of the change of DE2  
is different for Si and Ge islands. Thus it can be concluded that the strain dependent 
modification of 77×E  is not the dominant part in the change of the effective energies of 
the 2D islands and small clusters. 
Another contribution to the change of DE2  and mE  on the strained surface may come 
from the energy ε  ( εiEi = ). This energy defines the strength of the bonds of atoms to 
the cluster. At higher values of ε  the cluster traps adatoms more effectively and thus 
reduces the adatom concentration. It is not obvious how ε  changes with strain. The size 
of the clusters is small, the structure is unknown, and therefore considerations relying 
on the balk lattice constants relative to those of templates (similar to the case of 2D 
islands) cannot be applied. The strain dependent behaviour of the experimentally 
measured effective energies DE2  and mE  is only consistent to the behaviour predicted 
by equation (26) for a specific dependence of ε  on material and strain. To be consistent 
with the experimental data the change of ε  must have a different direction for Si and 
Ge when the substrate changes from the relaxed Ge(111) to the strained Ge(111) . An 
increase of ε  for Ge on the compressively strained Ge(111) surface (relative to the 
relaxed template) increases DE2  and decreases mE  (cf. eq. (26)). This is in accord with 
the experiment (Table 3). A decrease of ε  for Si on the compressively strained Ge(111) 
surface decreases DE2  and increases mE  (cf. eq. (26)), which is also in accord with the 
experimental data (Table 3). Thus only the above mentioned specific material dependent 
modification of the bonding energy of adatoms to the small clusters with strain explains 
the observed trend in the variation of the effective energies when the substrate changes 
from the unstrained to the compressively strained Ge(111) surface. 
While the measured values of the effective energies can be explained by a strain 
dependent change of ε , the absolute values of the island densities cannot be explained 
by the change of ε  only. A modification of ε  with strain changes DE2  and mE  in the 
different directions (Table 3), while the densities of the islands and the clusters both are 
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larger on the strained surface (Figure 22). Therefore, the change of ε  alone does not 
explain the observations. Moreover the change of the absolute values of the densities 
cannot be explained by a variation of the effective energies only and thus a modification 
of the pre-exponential factors is required. One of the parameters affecting the absolute 
value of the island density, is the number of atoms ( i ), which convert the cluster into 
the 2D island. This number influences values of the effective energies and the pre-
exponential factors as well (appendix A). The smaller i  is, the more frequent the 
nucleation of the 2D islands occurs and the larger density of 2D islands can be expected. 
From the model i  can have only integer values. A change of i  (even by one) in (26) 
modifies the value of the effective energies significantly. But the experimental data 
(Table 3) do not show a considerable change of the effective energies with strain. 
Therefore, the compressive strain of 4.2% does not modify the value of i  and the 
change of the pre-exponential factors with strain is caused by other reasons (change of 
the capture numbers, attempt frequency, pre-factor of a collective process of the 
destruction of stacking fault). 
In summary: It is found that within the accuracy of the experiment the diffusion 
barrier is the same on the compressively strained Ge(111)-(7x7) surface both for the Si 
and Ge. On the compressively strained substrate the binding energy of adatoms to the 
clusters (ε ) changes. The sign of the change of the binding energy is different in the 
case of Ge and Si deposition. The applied strain changes also the pre-exponential 
factors. 
4.4.7 Growth for different material combinations 
The temperature behaviour of the densities of 2D islands and small clusters for Si 
and Ge taken as substrates and deposited materials is shown in Figure 25(a) and (b), 
respectively. The density of clusters shows a qualitatively different trend in the 
behaviour depending on the material compared to the density of 2D islands.  
Again the analysis of the experimental data is performed in terms of the effective 
energies. The first four rows in Table 3 represent the data for the different combinations 
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of Si and Ge as a substrate and a deposited material. Trends in the change of the 
effective energies can be denoted: the change of the deposited material from Si to Ge 
decreases DE2  and increases mE  on both Si and Ge template substrates. The change of 
the substrate material from Si to Ge results again in a decrease of DE2  and an increase 
of mE  in the case of deposition of both Si and Ge. 
The observed trends in the change of the effective energies of the 2D islands and the 
small clusters can be explained by a change of 77×E  and ε . A contribution of dE  in to 
the observed trend can be excluded, because as can be seen from equation (26) a 
variation of dE  would result in the trend opposite to that observed experimentally. The 
energy barrier for rearrangement of the stacking fault 77×E  is a characteristic feature of 
the substrate and should not depend much on the choice of the deposited material. The 
energy ε  represents the bond strength of the adatom to a small cluster. This bond 
strength is determined by the interaction of the deposited material with the material of 
the clusters that may contain some part of the substrate atoms. A different bond strength 
of Si-Si and Ge-Ge bonds should change the values of ε  and 77×E  when a change of the 
material from Si to Ge takes place. 
Si-Si bonds are stronger than Ge-Ge bonds7 [131]. This implies a stronger bonding of 
Si adatoms to the Si clusters than Ge adatoms to the Ge clusters. Therefore, in the case 
of Si deposition the value of ε  should be larger than in the case of Ge deposition. When 
we keep the substrate the same and change the deposited material from Si to Ge, 77×E  
remains the same but ε  decreases. According to (26) a smaller value of ε  corresponds 
to a decrease of DE2  and an increase of mE . This is in agreement with the experiment 
data for the values of DE2  and mE  (Table 3). 
Due to the stronger bonding the energy to remove the stacking fault should be larger 
for Si substrate than for Ge substrate. Thus, when we change the substrate material from 
                                                 
7 Cohesive energies of Si and Ge are 4.46 eV/atom and 3.85 eV/atom, respectively. 
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Si to Ge we also decrease 77×E . According to (26) a smaller value of 77×E  corresponds 
to an increase of DE2  and a decrease of mE . However, this disagrees with the 
experimental data (Table 3). The trend in the modification of the effective energies for 
the change of the deposited material is the same as in the case of the change of the 
substrate material. This fact suggests that a change of ε  also takes place and has even 
larger effect than the change of 77×E  when the substrate changes from Si to Ge. The 
value of ε  may be different on Si and Ge surfaces due to the interaction of adatoms 
with the substrate. During the formation of the small cluster the adatoms of the 
deposited material jump into a HUC and form together with the adatoms in the top layer 
of a HUC a small cluster. Therefore, on the Si (7x7) substrate small clusters (Ge and Si) 
contain six Si adatoms from the top layer of the DAS reconstruction, while on the Ge 
substrate small clusters contain six Ge adatoms from the DAS reconstruction of the 
substrate. Therefore, the change of the substrate from Ge to Si results in the reduction of 
ε  both for Si and Ge as well. Thus, the measured values of DE2  and mE  can be 
explained by the different bond strength of Si and Ge atoms. 
Again the energetic considerations alone are not always sufficient to characterize the 
absolute values of the measured densities of the islands and clusters. The absolute 
values of the densities of 2D islands and small clusters are also sensitive to the pre-
exponential factors. The pre-exponential factors are the functions of the capture 
numbers of the clusters and islands, the attempt frequencies of the adatom hopping, and 
the destruction of the faulted staking. The pre-exponential factors change slowly with 
temperature and their values do not influence the values of the obtained energies DE2  
and mE . 
In summary: The major contribution to the effect of the material on the nucleation 
and growth comes from the bond strength of the Si and Ge. The stronger Si-Si bonds 
result in a stronger binding of adatoms to the cluster in the case of the change of the 
deposited material from Ge to Si as well as in the case of the change of the substrate 
from Ge to Si. 
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5 Scaling of island sizes 
The presence of strain during the growth changes not only the barrier for diffusion 
but also the binding inside of the strained island. The atoms inside of the strained island 
are moved aside from their equilibrium positions and therefore feel “uncomfortable” 
compared to the unstrained equilibrium position. The inner compressive strain inside the 
islands can be partially relived via lateral and vertical expansion of the island lattice. 
Smaller islands relive strain more effectively, the strain per atom is smaller, and 
therefore for an adatom diffusing on the surface between islands it should be 
energetically more favourable to incorporate into a small island than to a large one. This 
should lead to slower growth of larger islands. As soon as no new nucleation of new 
islands takes place, existing islands should equalize in their sizes. Thus the presence of 
strain should narrow the distribution of island sizes and change the scaling function. 
In order to check the plausibility of the above assumption a series of experiments 
with Si and Ge deposition on the Si(111)-(7x7) surface were performed. The (7x7) 
surface is easy to prepare and has huge areas of non-defective flat surface. The 2D Ge 
islands grown by a submonolayer deposition on this surface are under 4.2% 
compressive stress and in a registry with the substrate structure. Therefore the Ge-Si 
combination is a simplest experimentally realized system to elucidate the effect of strain 
on the island sizes after submonolayer deposition on a semiconductor surface. 
The (7x7) reconstruction is very complex and plays a significant role in the 
nucleation process. The reconstruction may also influence the process of the lateral 
growth of the 2D islands extremely. A possibility to avoid the influence of such a 
complicated surface structure is a use of the foreign atoms those modify the initial 
surface structure. The termination of the Si(111)-(7x7) by one monolayer of Bi 
produces the (√3x√3) surface structure. This structure consists of a layer of Bi atoms 
arranged in the tetramers on the bulk terminated Si substrate. Thus, the surface does not 
have areas with stacking fault and the influence of the reconstruction should be smaller 
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than on the (7x7) surface. A series of measurements on the Bi terminated Si(111) 
surface also were performed. In the next two chapters the results of the experiments 
devoted to the island size distribution of Si and Ge on the clean Si(111)-(7x7) and in 
Surfactant-Mediated Epitaxy (SME) with Bi as a surfactant are presented.
5.1 Scaling of island size distributions for Si and Ge islands 
Si islands on the Si surface represent the case when atoms in the island do not feel 
large strain and are located close to equilibrium positions. Ge islands on the Si(111) in 
contrast are under 4.2% compressive stress. The strong Si-Ge bonds between the lattice 
plains of the Ge islands and the Si substrate force the Ge film to repeat the structure of 
the substrate. Being under the compressive stress the atoms of Ge deviate from their 
equilibrium positions and some strain energy stores inside of the islands. This strain 
energy is the driving force, which leads finally to the 3D growth when some critical 
thickness of the Ge film is reached. This critical thickness is about 3BL for pure Ge film 
on the Si(111). In order to see the effect of the strain in submonolayer deposition regime 
we compare the island size distributions for Si and Ge 2D islands grown on the Si(111)-
(7x7). The size of the islands depends on the deposition temperature and the flux, 
therefore a direct comparison of the island size distribution is not possible and 
corresponding scaling functions have to be compared. The shape of the scaling function 
reflects the particular mechanisms of the island nucleation and the incorporation of 
adatoms into the islands. Therefore, the change in the sticking of adatoms with island 
size has to be reflected in the corresponding scaling function of the island size 
distribution. 
The clean Si(111)-(7x7) surface was prepared by the normal treatment of the direct 
current heating at 1230°C and slow cooled down to the desired growth temperature. The 
slow cooling is required for creation of large surface areas with a perfect (7x7) 
reconstruction. The measurements of the island sizes were performed inside of such 
areas in order to avoid the influence of the domain boundaries, which act as places for 
preferential nucleation and collect the adatoms from the surrounding area. A growth rate 
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of 1ML/min and a coverage of 0.4ML were used to produce ensembles of 2D islands. In 
Figure 29 2D Si islands grown on Si(111) surface at the temperature of 340°C (a) and 
440°C (b) are shown. 
 
Figure 29. STM images (3330Åx3330Å) of Si 2D islands grown on Si(111) surface at 
temperature 340°C (a) and 440°C (b). 
As can be seen from the images, some islands have double or even triple height. This 
is the well-known experimental fact of the growth on the perfect Si(111)-(7x7) surface 
[132]. The structural defects on top of 1BL height 2D islands act as preferential places 
for nucleation of a new layer on top of already existing islands. To avoid the effect of 
the preferential nucleation on top of the islands and account only the effect of the lateral 
growth, the measurements of the island size distributions were performed by counting 
only the lateral island sizes. The island size distributions for the corresponding growth 
temperatures are presented in Figure 30. 
The size distributions for those two temperatures show a usual behaviour with the 
maximum at mean island size. The mean island size is higher for the higher temperature 
and reflects also just a normal behaviour of the 2D islands in the regime of epitaxial 
growth. 
Scaling of island sizes 88 
 
Figure 30. Island size distributions for Si 2D islands grown on the Si(111)-(7x7) surface at 
340°C and 440°C. 
Analogous experiments were performed for Ge deposition. Again the flux of 
1ML/min and deposition amount of 0.4 ML were used to create an array of Ge islands 
on the Si(111)-(7x7) surface. In Figure 31(a) and (b) an example of Ge 2D islands 
grown on a Si(111) substrate at a temperature of 400°C and 525°C is shown. The shape 
of the islands is similar to the shape of the Si islands. The islands (similar with Si 
deposition case) also frequently have a height of several layers, which is the 
consequence of the additional nucleation on the structural defects on the top of the 
islands. 
 
Figure 31. STM images (3330Åx3330Å) of Ge 2D islands grown on the Si(111) surface at 
temperature 400°C (a) and 525°C (b). 
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The corresponding island size distributions for Ge 2D islands grown at 400°C and 
525°C on the Si(111)-(7x7) surface are shown in Figure 32. 
 
Figure 32. Island size distributions for Ge 2D islands grown on the Si(111) surface at 400°C 
and 525°C. 
To elucidate the effect of strain in the Ge 2D islands, the corresponding scaling 
functions for Si and Ge islands were calculated from the size distributions displayed 
before. The result is presented in Figure 33. The data for the different temperatures and 
for the different materials collapse into a single scaling function. Therefore no effect of 
strain on the island size distribution for Ge islands on the Si(111) surface is detected. 
 
Figure 33. Scaling functions of the island size distributions for Ge and Si 2D islands on the 
Si(111)-(7x7) surface. 
There are several reasons, which can be responsible for the absence of a pronounced 
difference in the scaling functions between Si and Ge. One reason is the vertical and 
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lateral relaxation of the strained 2D islands. The vertical relaxation can reduce the inner 
strain partly. It may only reduce the effect of strain but cannot vanish it because in the 
lateral direction the islands are still compressed. The effectiveness of the lateral 
relaxation of the islands depends on the island size. The small islands relax laterally 
more effectively, whereas bigger islands are considerably stressed (compare to the small 
islands). Therefore, the effect of the strain should be more pronounced at higher 
temperatures when the bigger islands are formed. Also due to higher temperature it 
should be easier for an atom to detach from the “uncomfortable” position in the island 
edge of a more strained island. However, no effect at high temperature deposition was 
found. The second possible reason of the absence of the effect is a strong bonding 
between the 2D islands and the substrate. If the change of the bonding energy due to 
strain for an atom in the 2D island is small compared to the bond strength, the effect of 
strain on the size distribution is small and accuracy of the experiments is not sufficient 
to detect it. 
In summary: the measured scaling functions for Si and Ge 2D islands grown on the 
Si(111)-(7x7) surface are the same. Therefore the 4.2% strain does not show a 
considerable influence on the process of attachment of the adatoms into the 2D islands 
in the regime of submonolayer growth of Ge on Si(111) substrate. 
5.2 Scaling of island size distributions on the Bi-terminated 
surface 
The process of the termination of the Si(111)-(7x7) surface is accompanied by a 
mass transport of the substrate material due to different numbers of atoms in the initial 
and final reconstruction of the top layer of the surface [92]. This difference in the initial 
and final reconstruction results in the formation of islands and pits on the surface. To 
prevent this effect a high temperature process of the termination is required. At a high 
temperature the diffusion length of the adatoms is large enough to reach the step edges 
of the terraces for the excessive material on one hand and on the other hand the step 
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edges are the source of missing atoms. However, a simple increase of the temperature 
leads to significant desorption of the Bi from the surface. Therefore a gradual change of 
the temperature was used to obtain large flat areas of the (√3x√3) reconstructed surface. 
The deposition rate of 3ML/min was used to terminate the Si substrate with Bi. The 
initial temperature of the termination process was 600°C. Then the temperature was 
gradually reduced (during the interval of 10 min) to a desirable growth temperature for 
the consequent deposition of Si or Ge. 
The island size distribution measurements have been performed after submonolayer 
deposition of Si and Ge on a Bi-terminated Si(111) surface. In Figure 34 a typical 
surface morphology of the surface after submonolayer deposition of Si (a) and Ge (b) is 
shown. Substrate temperatures were set to 430°C for Ge and 475°C for Si deposition to 
obtain a comparable island density in both systems. The surface morphology of the Ge 
layer differs distinctly from that of the Si layer: islands of different sizes, among them 
many small islands are observed in case of the Ge layer, whereas in case of the Si layer 
the island sizes are more uniform. This observation is further supported by a comparison 
of the island size distributions sN . 
 
Figure 34. Morphology of the surface after submonolayer deposition of Si at 480°C (a) and 
Ge at 430°C (b) on a Bi terminated Si(111) surface. The size of the scanned area is 
(1400Åx1400Å) and (2100Åx2100Å) respectively. 
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The size distributions for different coverages have been obtained from a number of 
the STM images. In Figure 35 the distributions of the Si 2D islands grown on a Bi-
terminated Si(111) surface at 480°C are shown for coverages ranging from 0.02BL to 
0.2BL. The shape of the island size distribution is similar for different coverages. 
In Figure 36 the island size distributions of the Ge 2D islands grown on a Bi 
terminated Si(111) surface at 430°C are shown for coverages ranging from 0.05BL to 
0.2BL. The shape of the island size distribution is similar again for the different 
coverages of Ge, however, it differs distinctly from the case of the distributions of the Si 
islands. 
The shape of the island size distribution looks different for Si and Ge islands. The 
shape of the Si island size distribution is a symmetric function with a maximum at the 
mean size, whereas the size distribution of Ge islands has a maximum shifted to the 
smaller island sizes (Figure 35 and Figure 36). 
 
Figure 35. Island size distributions of the Si 2D islands grown on the Bi terminated Si(111) 
surface at 480°C for different coverages. 
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Scaling functions of Ge and Si island size distributions are shown in Figure 37(a) and 
(b) for different coverages. In both cases (a) and (b) in Figure 37 we observe a collapse 
of the rescaled sN  for different coverages into a single scaling function. The scaling 
function has a maximum at ss =  for Si, however, the maximum is found at ss 2.0<  
for Ge. Thus, Ge SME on Bi-terminated Si(111) can not be  described by the standard 
nucleation model. For both Ge and Si, additional measurements were performed at 
complementary temperatures 480°C for Ge and 430°C for Si. These reveal, that sN  for 
Ge approaches a normal one with increasing temperature Figure 37(a). sN  for Si does 
not change Figure 37(b). 
 
Figure 36. Island size distributions of the Ge 2D islands grown on the Bi terminated Si(111) 
surface at 430°C for different coverages. 
It is well established that the island size distribution is rather sensitive to spatial 
correlations of the island locations [133]. A measure of the spatial arrangement of 
islands in the experiment is the nearest-neighbour separation distribution )(rN  [134]. 
This quantity represents the density of islands having its nearest neighbour at a distance 
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r . It scales as ( )rrNgrN =)( , where r  denotes a mean distance to a nearest 
neighbour. 
The rescaled )(rN  for Ge and Si are shown in Figure 37(c) and (d) respectively. In 
contrast to the Si case the rescaled )(rN  is asymmetric for Ge with the peak shifted 
toward smaller island sizes. This is a sign of a certain loss of spatial correlation [134] 
between Ge islands compared to Si islands. The islands can nucleate at smaller relative 
separations in the Ge layer than in the Si layer. A similar effect can be observed at 
preexisting step edges on the Si(111) substrate, as seen in Figure 38. Ge islands can 
nucleate very close to the step edge (Figure 38(a)). On the contrary, in the case of Si 
islands a pronounced denuded zone free of islands appears (Figure 38(b)). 
 
Figure 37. Scaling functions of Ge (a) and Si (b) island size distributions. Corresponding 
rescaled nearest neighbour separation distribution N(r) (c) and (d). 
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Figure 38. 2D island near a step edge in Ge (a) and Si (b) grown by Bi-SME on the Si(111) 
surface. For Ge 0.1 BL, F=0.2 BL/min, T=440°C, for Si 0.08 BL, F=0.2 BL/min, T=480°C. 
Image width is 230 nm in (a), 130 nm in (b). Ge islands can nucleate very close to the step 
(a), while Si islands form a denuded zone (b). 
To complete the experimental picture of Ge and Si epitaxial growth on the Bi-
terminated Si(111) surface, a measurement of the flux dependence on the 2D island 
density was performed. The rate dependence of the island density for Si and Ge on the 
Bi-terminated Si(111) surface is shown in Figure 39. The data plotted in log-log scale 
lie on a line. The slope of the line determines the exponent in the power law dependence 
of the island density on flux. The obtained values of the slopes are similar for Ge and Si 
islands, 0.37±0.02 and 0.36±0.02, respectively. 
 
Figure 39. The rate dependence of the 2D island density for Si and Ge on the Bi-terminated 
Si(111) surface. 
Scaling of island sizes 96 
The observed nonstandard scaling in Bi-SME of Ge on the Si(111) differs from all 
observations of nonstandard submonolayer scaling. The observed scaling function for 
sN  is not multi-peak [34]. Rather, it can be approximated by a decreasing function. 
Such behaviour cannot be related to post-deposition [29] or displacive nucleation [23, 
30], because a nonzero exponent at 440°C for Ge is observed. Arguments on 
pronounced anisotropy [31] do not apply to the (√3x√3) structure of the Bi-terminated 
Si(111) surface. A transition between the peaked and decaying scaling functions due to 
desorption [35, 36] can be excluded as the expected temperature dependence for this 
desorption-induced phenomenon is opposite to that observed in our study. The strain 
contributions to submonolayer island scaling have so far been detected only in 
observation of semiconductor heteroepitaxy on surfaces with pronounced anisotropy, in 
particular, by evaluating the distribution of projections of island sizes in two 
nonequivalent directions [39, 135]. Theoretical studies of isotropic systems did not 
predict any pronounced influence of strain on the scaling of sN  [25, 40]. 
5.3 Kinetic Monte-Carlo simulations of SME. 
The Kinetic Monte Carlo simulations (KMC) presented in this section was performed 
by Dr. Josef Mysliveček, a member of our group. The simulation reproduces the 
experimentally observed effect of the different behaviour of Si and Ge island size 
distributions and reveals the nature of the observed phenomena. 
The different scaling observed in the Bi-mediated growth of Ge on the Si(111) from 
the predictions of the standard growth model justifies a search for additional atomic-
scale processes which could contribute to the observed scaling phenomena. In the 
following, the scaling in the Diffusion--De-Exchange--Passivation model of SME 
proposed in Refs. [86, 89] is studied. 
The DDP model assumes three basic processes that happen during the SME growth 
(Figure 40): diffusion of deposited atoms on top of the surfactant, exchange of material 
atoms with surfactant to incorporate below the surfactant layer, and de-exchange of 
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material atoms with surfactant atoms to get back on top of the surfactant. Processes are 
considered to be thermally activated with rates iν  having an Arrhenius form 
( )kTEii −= exp0νν , where 0ν  is the common prefactor of the order 1013 s-1, k  is the 
Boltzmann's constant, T  temperature, and iE  the activation energy of the i -th process 
with dE , exE , dexE  standing for diffusion, exchange and de-exchange processes, 
respectively. Generally, dexE > exE  to account the increase of the binding energy of 
single material atoms upon incorporation. Important thing is a definition of the 
behaviour of material atoms at step edges. In the DDP model, not only terraces but also 
step edges are passivated, i.e. incorporation of atoms into step edges does not happen 
automatically. Upon incorporation of an atom at the step edge, its binding energy 
increases more than that of an atom on the terrace. Accordingly, dexE  at step edges is 
larger than dexE for staying alone atoms. 
The above described DDP model was used to show, that the island density DN2  in 
SME depends on a combination of dE , exE , dexE  [89], rather than on dE  only as it is in 
the standard model [13]. Thus, observations of DN2  in SME are not directly related to 
the dE  as was expected in earlier works [85, 136]. It has also been demonstrated [86] 
that assuming a proper strain dependence of dexE at step edges, the experimentally 
observed transition from 2D growth at low temperatures to 3D growth at high 
temperatures [136] can be explained. 
 
Figure 40. Growth processes considered in the DDP model of the SME. Related activation 
energies of these processes ED, Eex, Edex generally differ for material atoms in plane and 
material atoms at step edges. 
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To study scaling of submonolayer island size distributions we generalized the DDP 
model in terms of the well established bond-counting KMC scheme of epitaxial growth 
[21, 25], which is well suited for such purposes. In this scheme, the activation energy of 
a growth process for a particular atom depends on a number n  of its nearest lateral 
neighbours. Thus, in the DDP model, the activation energy for diffusion of atoms on top 
of the surfactant becomes topntopsd EnEE += , where sE  is the activation energy for 
hopping of a single atom on top of the surfactant, and topntopEn  is the increase of the 
binding energy of an atom before a hop due to topn  nearest lateral neighbours. For 
simplicity, no difference between surfactant and material neighbours on top of the 
surfactant is made. As in Refs. [86, 89], the exchange barrier exE  is kept constant 
independent of topn . Due to incorporation below surfactant, atoms increase their binding 
energy by incnincincinc EnEE +=  with respect to single atoms on top of the surfactant. The 
linear term incnincEn  represents the step edge contribution to the binding energy, incn  is 
the number of nearest neighbours of an atom that are incorporated below surfactant. The 
de-exchange happens with an activation energy topntop
inc
nincincexdex EnEnEEE −++=  
which accounts properly for the difference of binding energies of an atom that is 
determined by incn  before and topn  after de-exchange. 
Simulations have been performed on a square lattice with a periodic boundary 
condition. To save the computation time we set T  and F  to values that yield island 
sizes approximately 20 times smaller compared to those in the experiment. The 
parameters sE , exE , and incE determining the behaviour of single atoms in the DDP 
model have been selected in accord with ab-initio calculations of the activation energies 
for hopping, exchange, and de-exchange of single Si and Ge atoms on the As-
terminated Si(111) surface [87]. The major qualitative predictions of Ref. [87] can be 
summarized as follows. First, the activation energies sE  for hopping are equal in both 
systems (0.25eV). Second, the activation energy exE  for exchange of a single Si atom 
(0.27eV) is close to the hopping barrier sE , i.e. Si atoms easily incorporate under the 
surfactant layer. In contrast, Ge atoms have to overcome a significantly higher exchange 
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barrier (0.71eV) and therefore they can stay longer on top of the surfactant. Third, the 
activation energies for de-exchange incexdex EEE +=  are, in fact, comparable for both 
materials (1.07eV for Si and 0.9eV for Ge). Assuming a similar qualitative behaviour 
on the Bi-terminated Si(111) surface we used two different sets of parameters in our 
KMC simulations of Si and Ge deposition: sE =0.3eV, exE =0.3eV, incE =0.3eV for Si, 
and sE =0.3eV, exE =0.5eV, incE =0.1eV for Ge. The binding energies 
top
nE  and 
inc
nE , as 
well as the attempt frequency 0ν  were set to be equal for both materials with 
inc
nE =0.25eV, 
top
nE =0.05eV
8 and 0ν =2*1012s-1. 
It should be emphasized that in our study we concentrated on the qualitative scaling 
behaviour and did not intend to reproduce quantitative features. Therefore, the 
parameters listed above cannot be regarded as a fit of the DDP model to the 
experimental data. Still, a prominent agreement with the experiment is achieved. 
In Figure 41 results of the KMC simulation of the DDP model are presented. 
Simulations were performed for F =0.2BL/s, T =320K for Ge parameters, and 
T =400K for Si parameters. At these temperatures, the model yields the island density 
that differs by less than 10% for both materials. As in the experiment, to obtain similar 
densities of Ge and Si islands, a lower temperature in the Ge growth than in the Si 
growth must be used. 
Figure 41(a) and (b) show the morphologies obtained from the simulations with the 
two sets of parameters. In agreement with experiment, a more regular pattern of islands 
is observed with Si parameters. 
Figure 41(c) and (d) show the rescaled island size distribution sN  obtained from 
simulations with Ge and Si parameters at different coverage. Scaling of sN  with the 
coverage characterized by a decreasing scaling function for Ge parameters at 320K and 
a normal peaked scaling function for Si parameters at 400K is obtained in agreement 
                                                 
8 incnE >
top
nE  ensures that virtually all deposited atoms incorporate below surfactant during growth. 
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with the experiment. Simulations at complementary temperatures of 380K for Ge and 
340K for Si reveal that a normal scaling behaviour with a peaked size distribution of Ge 
islands is recovered with the increasing T . For Si parameters, no significant change of 
sN  within the temperature interval comparable to the experimental one is observed. 
 
Figure 41. Morphology obtained from KMC simulations of the DDP model of SME. (a) Ge 
parameters, (b) Si parameters. 0.2 BL, F=0.2 BL/s. T= 320 K for Ge, T= 400 K for Si. Image 
width is 150 lattice units (of 512). Figures (c,d) represent the corresponding plots of the 
rescaled Ns from simulation at various (closed symbols), simulation of Ns for complementary 
temperatures (open symbols). Figures (e,f) represent the corresponding rescaled nearest 
neighbour separation distribution N(r) of islands obtained from simulation for Ge and Si 
parameters. 
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Figure 41(e) and (f) show the rescaled nearest-neighbour separation distribution of 
islands )(rN  obtained from simulations with Ge and Si parameters. In agreement with 
the experiment, the rescaled )(rN  for Ge parameters is biased towards small island 
separations, while for Si parameters the rescaled )(rN  is symmetric. It indicates a 
nucleation of islands at smaller relative separations in the simulation with Ge 
parameters than with Si parameters. Also the appearance of the denuded zones around 
preexisting step edges has been reproduced correctly in the simulation, showing no 
denuded zone for Ge parameters (Figure 42(a)), and a pronounced denuded zone for Si 
parameters (Figure 42(b)). 
 
Figure 42. Island population near a step edge as obtained from KMC simulations of the DDP 
model of SME. (a) Ge parameters, (b) Si parameters. 0.1 BL, F=0.2 BL/s. T= 320 K for Ge, 
T= 440 K for Si. Image width is 150 lattice units (of 256). 
Finally, values of slope in the flux dependences have been measured in the 
simulation for Ge parameters for 320K and Si parameters for 340K. The obtained value 
for Ge is 0.41±0.02, i.e. in good agreement with the experiment. For Si the value of 
(0.28±0.02) is underestimates the related experimental value, however, is still near the 
lower limit predicted theoretically in the standard growth model. 
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5.4 Discussion of the different scaling for Si and Ge islands 
in SME 
The results of the KMC simulations of SME allow to formulate new implications of 
the DDP model. Particularly, under certain conditions, the DDP model yields a 
nonstandard decreasing scaling function for the distribution sN  of submonolayer island 
sizes. This nonstandard scaling behaviour is temperature dependent: at higher 
temperatures the island size distribution sN  obeys the normal scaling with a peak at 
ss = . The appearance of the decaying scaling function in the DDP model is 
accompanied by the narrowing of denuded zones around step edges and islands. 
In order to understand the origin of the nonstandard scaling behaviour we recall that 
it was observed in our simulations using the Ge parameter set only, while with the Si 
parameters the standard peaked scaling function was reproduced at all considered 
temperatures. The main difference of the two sets of parameter is the value of the 
activation energy exE  needed for incorporation of the deposited atoms below the 
surfactant layer via the exchange process. In comparison to the barrier to diffusion of 
deposited atoms on top of the surfactant )Ge((Ge) hopex EE >  for Ge, while 
)Si((Si) hopex EE ≈  for Si. It means that almost every hop of a Si atom on top of the 
surfactant is followed by an exchange/de-exchange event. Therefore, Si atoms reaching 
the step edge position will exchange and attach to the Si step edge with a high 
probability. On the contrary, Ge atoms on top of the surfactant make many hops before 
an exchange/de-exchange event (~5000 hops before an exchange event for single atoms 
and Ge parameters at 320 K). It causes that Ge atoms reaching the step edge position 
can leave this position with much higher probability than to exchange and attach to the 
step edge. In other words, in the DDP model the step edges with the Ge parameter set 
are passivated much stronger than with the Si parameter set. Therefore, the nonstandard 
scaling phenomena in the DDP model can be regarded as a result of the strong 
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passivation of step edges in the presence of a surfactant. 
The main consequence of the strong step edge passivation is the transition from growth 
limited by the surface diffusion to growth limited by the attachment kinetics [137]. In 
the latter case the adatom distribution between step edges becomes uniform. Therefore, 
the nucleation of new islands occurs with equal probability across the surface and no 
correlation in the island locations is observed. In this situation the nucleation kinetics 
resembles in many respects the nucleation kinetics in the Kolmogorov-Avrami model 
[138, 139], which, indeed, predicts a decreasing power-law scaling function for island 
sizes [134]. The asymmetric shape of the nearest-neighbour separation distribution 
)(rN  as observed in our experiments for Ge islands was also proposed to be a signature 
of the growth mode with the uniform adatom density [134]. 
Another signature of the growth mediated by the incorporation kinetics could be a 
flux dependence of the total island density with the exponent χ >1 [33]. However, both 
for Si and Ge our study revealed χ <0.5, i.e. lower than the lower limit predicted for 
this case by the theory [33]. It shows that the island size distribution is more sensitive to 
the actual regime of the growth than the total island density. 
As the deposition temperature increases the role of the exchange barrier vanishes and 
the kinetic regime of the island growth can change to the diffusion one [137]. In accord, 
the standard peaked island size distribution recovers, as observed in our experiments 
and reproduced by KMC simulations. A similar temperature transition from a 
decreasing scaling function for sN  to a standard one was predicted for epitaxy with 
desorption of atoms from the surface [35, 36]. However, the decreasing scaling function 
occurs at high temperatures in this case. This is caused by the fact that the desorption 
influences the adatom density that becomes constant at high temperatures [36]. 
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6 Summary 
A set of the template surfaces, which are different only in one particular feature: 
reconstruction, or strain, or material, was prepared to study the dependence of the 
growth on these properties. Measurements of the density of the 2D islands and the 
density of the small clusters after submonolayer deposition as a function of temperature 
were used to access qualitative and quantitative information on the kinetics of the 
growth processes on Ge(111) and Si(111) surfaces. It is found that the densities of 2D 
islands and the small clusters on the DAS reconstructed surface changes drastically with 
temperature and strongly depends on material, applied strain, and particular 
reconstruction of the surface. In order to describe the experimental measurements on the 
DAS reconstructed surface a model with an unified treatment of the coupled system of 
small clusters and 2D islands was developed. 
An analysis of the model reveals that the densities of the 2D islands and small 
clusters are determined by a competition of the 2D islands and the clusters for the 
adatoms. A comparison of the model predictions with the experimental data for growth 
of Si on the Si(111)-(7x7) shows that the critical size of smallest stable cluster is equal 
to one and the value of an effective barrier to the incorporation into edges of 2D islands 
is small. The effective energies extracted from the temperature dependences of the 
densities of 2D islands and small clusters allow to determine the value of the diffusion 
barrier on the template surface. The energy barrier to remove the stacking fault and the 
binding energy of adatoms to the small clusters, which are different for different 
materials, reconstruction, and applied strain, are the important parameters controlling 
the behaviour of the densities of the 2D islands and small clusters during epitaxial 
growth. 
The barrier for the hopping from one HUC to another is found to be smaller on the 
(5x5) reconstructed surface, while the effective diffusion length is the same (the same 
2D island density). It is concluded that the difference in the energy barrier for 
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conversion of faulted HUC to the normal stacking on the (5x5) and (7x7) surfaces 
results in the large difference of the density of the small clusters on the (5x5) and (7x7) 
surfaces.  
The diffusion barrier is found to be the same (within the measurement accuracy) on 
the compressively strained and relaxed Ge(111)-(7x7) surfaces both for Si and Ge. The 
main effect of the strain is a change of the binding energy of adatoms with the small 
clusters. The change of the binding energy has opposite sign for Si and Ge, which 
experience the reverse sign of strain on the strained and relaxed Ge surfaces. 
The major contribution to the effect of the material on the nucleation and growth 
comes from the difference in the bond strength of Si and Ge. The lower bond strength in 
the case of Ge weakens the bonding of adatoms to the small clusters when the deposited 
material changes from Si to Ge and also when the substrate changes from Si to Ge as 
well. 
In order to check the effect of strain on the a growth of 2D islands in the 
submonolayer deposition a series of measurements of the island size distributions for 
deposition of Si and Ge on the Si(111)-(7x7) surface was performed. It is found that the 
scaling functions for Si and Ge 2D islands on the Si(111)-(7x7) surface do not differ. 
Therefore, the 4.2% compressive strain does not exert any noticeable influence on the 
process of attachment of the adatoms to the 2D islands in the regime of submonolayer 
growth of Ge on the Si(111) substrate. 
The measurement of the island size distribution for Si and Ge in surfactant mediated 
growth reveals different scaling functions for Si and Ge deposition on the Bi-terminated 
Si(111) surface. Moreover, it is found that the shape of the scaling function for Ge 
changes with temperature. This observation is explained in the terms of the diffusion–
de–exchange—passivation model with different step edge passivation of Si and Ge 2D 
islands. As a result the growth of the Ge islands at low temperatures is limited by the 
adatom attachment kinetics. On the contrary, much weaker passivation of the island 
edges in the Si case makes adatom diffusion the limited stage of growth. The edges of 
the Ge islands are passivated much stronger than the edges of the Si islands. 
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7 Appendix 
A: Solution of the differential equations without barrier to 
attachment 
The set of equations (8, 9, 11) 
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We search a possible solution as a power function of time: 
⎪⎩
⎪⎨⎧ =
=
β
α
tCtm
tCtN
m
ND
)(
)(2  Then 
⎪⎪⎩
⎪⎪⎨
⎧
=
=
−
−
1
12
β
α
β
α
tC
dt
dm
tC
dt
dN
m
N
D
 (2*) 
Pasting (2*) into (1*) we have: 
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The equation (3*) has to be valid during some interval of time. Therefore, the 
coefficients in the time power dependence and time independent constants have to be 
equal in the left and right part of (3*): 
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These sets of linear equations (4*) result in an expression for the coefficients NC , 
mC , α , and β : 
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The expression for )(2 tN D  and )(tm takes the form: 
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Using the expressions for A  and B  and remembering that θ=Ft  we finally have: 
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Using the expression for the diffusion constant ⎟⎠
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B: Solution of the differential equations with barrier to attachment 
The set of equations 
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We rewrite these equations to the form: 
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Again we search a possible solution as a power function of time (2*). Pasting (2*) 
into (7*) we have: 
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Equating the coefficients in the power of the time and time independent constants in 
the left and right side of (8*) we have: 
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Solving those sets of linear equations (9*) the expression for the coefficients NC , 
mC , α , and β  have the following form: 
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Using the expressions for A , B , and θ  we have: 
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The temperature dependences of )(2 TN D  and )(Tm  have again an exponential form 
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C: Temperature dependence of the density of the small clusters 
Neglecting the coalescence and reduction of the cluster density by the transformation 
of small clusters into 2D islands, one can rewrite (7) as: 
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At a steady state regime of growth, the density of the 2D islands determines the density 
of adatoms: 
DDNFn 21 σ≈ , when there is no barrier to attachment, and 
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It is found experimentally that the density of the 2D islands is well described by the 
Arrhenius law: ⎟⎟⎠
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02 exp)( . Therefore at the steady state regime the adatom 
concentration can be written as: 
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Here c is a temperature independent constant, 1−=α  when there is no barrier to 
attachment or 
2
1−=α  if the barrier to attachment is present. Using the Arrhenius law 
for the density of the 2D islands, the adatom concentration takes the form: 
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2
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where )(
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tgn  is a temperature independent function. Here we assumed that α , dE  and 
*
2DE  are time independent, so that the evolution of 1n  is solely determined by )(1 tgn . 
Using (14*) and separating variables in (12*) the differential equation for the density 
of small clusters can be written as: 
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By integrating (15*) the density of small clusters can be obtained: 
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t
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. Evidently substitution of *mE  and 
*
2DE  from (6*) and (11*) into 
(16*) results in an identical equality. 
 
D: Selection of possible solutions for the effective energies. 
The experimentally measured values of mE  and DE2  for Si/Si(111) are 0.12eV and 
0.56eV, respectively (Table 3). A reasonable value of dE  can be  taken from literature 
[55,57,58] and lies in the interval 0.9eV< dE <1.5eV. The values of kE  and bE  must be 
positive by definition. 
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When the barrier to attachment is significant, the effective energies in the 
temperature behaviour of small clusters and 2D islands are determined by (11*). Taking 
the sum mD EEk 2)1( 2 ++  from (11*) one has: 
bkdmD EkEkEEEk )1(2222)1( 2 +++=++ . (18*) 
This equation cannot be fulfilled under the above formulated conditions. Even for k=1 
the right side of (18*) is larger than the left side. With the increase of k the right side 
grows faster than the left side thus the equation cannot be satisfied for any reasonable 
choice of the variables. The graphic illustration of the solution of (18*) is shown in 
Figure 43(a). 
 
Figure 43. Illustration of the solution of (18*): (a) - when a barrier to attachment is 
significant, (b) - without a barrier to attachment. 
When there is no barrier to attachment, the effective energies in the temperature 
behaviour of small clusters and 2D islands are determined by (6*). Taking the sum 
mD EEk ++ 2)1(  from (6*) one has: 
kdmD EkEEEk +=++ 2)1( . (19*) 
This equation has a solution which obeys the above discussed constrains only at k=1. If 
k>1 the right side of (19*) is always larger then the left side. The graphic illustration of 
the correspondent solution of (19*) is shown in Figure 43(b). 
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8 Index 
2D – Two-Dimensional 
3D – Tree-Dimensional 
BL – Bilayer 
DAC – Digital Analog Convertet 
DAS – Dimer-Adatom-Stacking-fault 
CDM – Coalescent Destruction Model. 
DDP – Diffusion–De–Exchange—Passivation 
FM – Frank-van der Merwe 
HUC – Half Unit Cell 
HVA – High-Voltage Amplifier 
KMC – Kinetic Monte Carlo 
MBE – Molecular Beam Epitaxy 
MFRE – Mean-Field Rate Equations 
ML – Monolayer 
PA – Preamplifier 
SK – Stranski-Krastanov 
SME – Surfactant Mediated Epitaxy 
STM – Scanning Tunnelling Microscope (Microscopy) 
UC – Unit Cell 
UHV – Ultra High Vacuum 
VW – Volmer-Weber 
WL – Wetting Layer 
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